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Abstract 
Enhancing technologies to simultaneously measure the concentration of monoamines across 
small areas of the brain 
Andrew Khair 
Karen Moxon, Ph.D. 
 
 
 
 
Alterations in the release or uptake of neuromodulators such as dopamine, norepinephrine 
and serotonin have been implicated in several neurological disorders including schizophrenia, 
depression and Parkinson‘s disease. Voltammetry is a method used to measure the 
concentration of neuromodulators in-vivo with good temporal (sub-second) and spatial (sub-
micron) resolution and has been used to study release and uptake.  By applying a potential 
difference across two electrodes, the neuromodulators of interest is oxidized and the resulting 
oxidation current is proportional to the concentration of the neuromodulators. Recent 
voltammetry studies suggested that the concentration of neuromodulators varies within small 
regions of the brain, and since neural function differs within small regions of the brain, a 
change in the concentration of neuromodulators may have significant impact on neural 
processing. We have been particularly interested in the role of monoamines, especially 
norepinephrine (NE), in the primary somatosensory cortex (SI).  To assess the heterogeneity 
of the noradrenergic uptake transporter, we compared the change in concentration of 
monoamines in-vivo to computer simulations of diffusion and uptake (Chapter 1).  To 
improve the technology for recording from multi-sites simultaneously, we developed a multi-
channel voltammetry system and studied the effect of different carbon deposition techniques 
on electrode performance (Chapter 2).   This work demonstrated the first multichannel in-
vivo voltammetry system that can record simultaneously from multiple working electrodes.   
Finally, we used voltammetry to determine if stimulus induced release of NE, via electrical 
stimulation of the LC, can be detected in the primary somatosensory cortex of the rat 
(Chapter 3). The in-vivo studies identified a spatial heterogeneity of NE uptake in the primary 
 x 
somatosensory cortex after exogenous release of neurotransmitters into the extracellular 
space.  Stimulus-evoked release of endogenous NE was recorded in the primary 
somatosensory cortex and the effect of the psychostimulant methylphenidate (Ritalin) was 
studied.  Data demonstrate that methylphenidate blocked the uptake of NE and decreased the 
release. This work lays the foundation to study the release and uptake of norepinephrine and 
drugs that modulate its regulation in the primary somatosensory cortex in the rat.
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GENERAL INTRODUCTION 
 
 Monoaminergic neurotransmitters such as NE, DA and 5-HT have been shown to 
have a diverse effect on neuronal processing.  Under normal conditions, these 
neurotransmitters are released from vesicles in a pre-synaptic terminal and diffuse across time 
and space until they are cleared from the extra-cellular space.  A method used to measure the 
rate of release and uptake of a neurotransmitter from the extracellular space is voltammetry.  
Voltammetry provides a real-time measurement of the in-vivo dynamics of a neurotransmitter 
by oxidizing the neurotransmitter of interest within microns of the recording electrode.  One 
of the many benefits of voltammetry is the sub-second temporal resolution that has provided 
significant insight on the impact of drugs that modulate the release and uptake of 
neurotransmitters.  This is important because the symptoms of many neurological disorders, 
such as attention deficit hyperactivity disorder (ADHD), bipolar disorder, schizophrenia and 
depression, can be ameliorated by the administration of drugs that modulate the release or 
uptake of monoamines.  For example, norepinephrine (NE), a monoaminergic 
neurotransmitter, is implicated in attention and drugs that block the re-uptake of NE, such as 
methylphenidate (Ritalin) alleviate the symptoms of ADHD. 
Similar to other monoaminergic neurotransmitters, the cell bodies that control the 
release of NE lie in a small nucleus in the brainstem (the locus coeruleus, LC) and have 
diffuse projections throughout the brain.  Previous studies have shown that neighboring cells 
in the primary somatosensory cortex (SI) are differentially modulated in responses to changes 
in LC output.  For example, in rats, as LC output increases, some cells in the SI and thalamus 
increase their responsiveness to sensory stimuli while neighboring cells decrease their 
responsiveness.  However, the relationship between neuronal activity in the LC (or LC 
output) and the resulting release and uptake of NE at target neurons remains an unknown.  It 
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is because of this that this study has focused on understanding the in-vivo dynamics of NE in 
the SI.   
The work presented in Chapter 1 compares in-vivo data recorded using voltammetry 
to a model of diffusion with constant uptake.  The in-vivo data was a measure of the 
concentration of DA recorded from a first generation multi-site array after the exogenous 
pressure injection of DA into the SI. Since DA is taken up by the NE uptake transporter 
(NET), this data provided insight into the role of the NET in the clearance of NE from the SI.  
The results of this comparison showed that the clearance of NE in the SI is spatially 
heterogeneous within two hundred microns.  The spatial heterogeneity of NE in the SI that 
was observed in Chapter 1 is similar to the results from other voltammetry studies that have 
reported a spatial heterogeneity.  However, the in-vivo work that was previously done in our 
lab and other studies that reported the spatial heterogeneity of neurotransmitters lacked the 
ability to simultaneously record the in-vivo dynamics of release and uptake of the 
monoamines of interest.     
Chapter 2 addresses this need with two goals.  The first goal was to design and test a 
voltammetry system that can record simultaneously from multiple (up to 4) channels.  The 
second goal was to enhance the existing multi-site array by studying the effect of different 
thin film carbon deposition techniques.  For the first part of Chapter 2, software was designed 
to interface with a multi-channel hardware system and analyze the data collected.  This 
software provided control over the hardware and allowed for analysis of the data that was 
collected.  For the second part of Chapter 2, the electrochemical characteristics (sensitivity 
and temporal response) of thin film carbon were examined.  The sensitivity and temporal 
response of a recording electrode depends on the surface characteristics of the electrode.  
Therefore, it was necessary to understand the electrochemical characteristics of thin film 
deposition.  This Chapter presents a voltammetry system that can record simultaneously and 
shows that the electrochemical characteristics of a multi-site electrode can be changed based 
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on the type of thin film deposition.  However, before these multi-site electrodes could be used 
to study NE in the SI, the in-vivo dynamics of endogenously released NE needed to be 
quantified.   
Chapter 3 addresses the need to understand the in-vivo dynamics of endogenous NE 
release and uptake in the SI and presents preliminary data on the effect of the psycostimulant 
methylphenidate on the release and uptake of NE in the SI.  The results of this Chapter 
demonstrate that stimulus-evoked NE can be recorded using voltammetry and that 
methylphenidate has an impact on both the uptake and release of NE.  
This study provides evidence of a spatial heterogeneity of NE in the SI, demonstrates 
that endogenous NE can be recorded using voltammetry in the SI and enhances the 
technologies needed to simultaneously record the spatial heterogeneity of monoaminergic 
neurotransmitters.   
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CHAPTER 1: Heterogeneity of norepinephrine clearance in the rat primary 
somatosensory cortex 
 
 
Aim 1 – Determine if the uptake of NE in the SI cortex is heterogeneous within small 
distance (within 200 microns).  
Hypothesis: Despite the fact the distribution of NE fibers are homogenous across the 
SI cortex, the uptake system of NE is heterogeneous 
 
 
1.1 Introduction 
 In the early 1970s, Ralph Adams was the first to show that voltammetry, a 
process that measures the concentration of electroactive species, could be used in-
vivo to measure the concentration of neurotransmitters.  Voltammetry involves 
applying a small potential across a reference electrode and a recording electrode.  
This small potential is sufficient to oxidize electroactive species near the surface of 
the recording electrode and the resulting oxidation current is proportional to the 
concentration.  Due to the small size of the electrodes that are used in these 
experiments, voltammetry has excellent spatial resolution.  Therefore, one of the 
major applications of voltammetry has been to study the dynamic of 
neurotransmitters concentration in-vivo, especially the monoamines dopamine (DA) 
and norepinephrine (NE).   
 A great deal of interest lies in the investigation of the spatial heterogeneity of 
specific neurotransmitters within small regions of the brain because different 
concentrations of neurotransmitters within these small regions could have a profound 
impact on neuronal function and behavior.  This heterogeneity can be due to 
differences in the release or uptake of the neurotransmitter.  For example, studies 
have demonstrated that within both the nucleus accumbens (Wightman et al. 2007) 
and the striatum (Wightman et al., 1988; Dressman et al. 2002) the spatial 
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heterogeneity of DA can vary within 100 microns.  Additionally, investigations into 
the spatial heterogeneity of the NE system found similar differences in concentration 
within small regions of the cingulate cortex (Mitchel et al. 1994).  While each of 
these studies provided insight into the heterogeneity of DA and NE in various brain 
regions, these studies were limited due to the inability to record information from 
multiple, precisely space recording electrodes.  A microelectrode array that had 
multiple, precisely spaced recording sites would allow for simultaneous 
measurements and better insight into the spatial heterogeneity and, ultimately insight 
into the effect of these neurotransmitters on neuronal function and behavior.   
 Carbon fiber microelectrodes (CFM) are typically used in conjunction with in vivo 
voltammetry studies.  CFMs are beneficial for neurotransmitter detection because they are 
small, causing minimal damage, and monoamines, such as DA, adsorb to carbon surface 
increasing the ability for them to be detected.  Previous attempts have been made to develop 
multi-site voltammetry probes by combining single carbon fibers.  These early attempts to 
bind multiple carbon fibers quickly revealed the need to have precise spacing between 
recording sites in order to reconstruct the local changes in DA concentration in real time (van 
Horne et al., 1992).  Another attempt fused multiple CFMs with more precise spacing.  
Theses fused CFMs provided a means to measure monoamine concentration within 50 µm, 
but the spacing between the multiple fibers could not be maintained.  Additionally, the 
manufacturing process was difficult resulting in low yield and variable response properties 
(Dressman et al., 2002).   
 Thin film silicon probes were also examined for use because they allowed precise 
spacing between recording sites (van Horne et al., 1990 and Sreenivas et al., 1996). However, 
these electrodes had limited use in the brain due to silicon‘s semiconductor properties which 
did not allow proper insulation between the recording sites.  Subsequent attempts using 
ceramic substrates solved the semiconductor problem because ceramic is a better insulator 
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than silicon but employed platinum recording sites (Burmeister et al., 2000).  Unfortunately, 
the use of platinum as a recording site lacks the inherent advantages of using carbon as a 
material to record monoamine concentrations in vivo. 
To meet this need, a carbon coated ceramic-based, multi-site electrode (CC-
CBMSE) array was developed (Khair et al., 2006). These carbon coated multi-site 
arrays were designed to have precise inter-site spacing while taking advantage of the 
benefits carbon offers.  In the study presented here, these novel probes were used to 
assess the heterogeneity of the uptake transporter within small regions of the SI 
cortex.   
 The goal of this study is to compare the results of previous work done with the 
CBMSE arrays with the results of a mathematical model to determine if the uptake of 
NE in the SI cortex is heterogeneous within small distance (within 200 microns).  
 
 
1.2 BACKGROUND 
1.2.1 Multi-site array design and fabrication  
 The procedure for fabricating a precisely spaced CBMSE has been fully described 
previously (Moxon et al., 2004 and Khair et al. 2006).  Briefly, the ceramic wafers (1 square 
inch, 50 µm thick) were cleaned and prepared with appropriate resist features which defined 
the electrode pattern.  
 The recording sites, conducting lines and bonding pads were patterned directly on to 
the ceramic substrate wafer in platinum, using reverse photolithography (200 Å chromium, 
1500 Å of platinum). Next, only the conducting lines of the CBMSE arrays were insulated 
with a layer of alumina (1000 Å) using ion bean-assisted deposition of carbon as illustrated in 
Figure 1A.  After the insulation procedure, the recording sites were defined using a third level 
mask.  Two sizes of recording sites were defined and produced, 1221 μm2 and 3141 μm2. A 
carbon film (500 Å) was electron-beam deposited onto the patterned substrate using a CVC-
4500 19‖ metal bell jar evaporator with a base pressure of 8E-7 Torr. A layer of chrome (50 
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Å) was deposited under the carbon (15 Å/min) and served as an adhesion layer. The 
unwanted carbon overlying the photoresist was removed in a final lift-off step in boiling 
Nophenol 922 (90 +/- 5 
o
C)).  Each individual CC-CBMSE array was released from the 
substrate by laser cutting. To complete the assembly, the bonding terminals were mounted to 
a micro-connector using thermo-sonic wire bonding (Process Tek, Lynnefield, MA). The 
mounting procedure is described in detail by Moxon et al. (2004).  After mounting, the 
electrodes were carefully inspected under a microscope to look for any defects in the surface 
of the carbon coating.  If defects were detected, these sites were not used for testing.  Atomic 
force microscopy (Digital Instrument Dimension 3100) in contact mode was used to examine 
the roughness of the CBMSE arrays before and after the carbon coating was added. Prior to 
the carbon deposition, mean roughness of the sites were 3.314 nm. Following carbon 
deposition, the mean roughness was 42.261 nm, showing almost a 1300% increase in surface 
 
Al203 
Pt 
C 
 
 
Figure 1.1 Manufacturing of multi-site array 
Electron-beam carbon film deposited on the CC-CBMSE arrays. Sites A and C are the large 
recording sites with a surface area of 4116 μm2.  Sites B and D are the small recording sites with a 
surface area of 1216 μm2. Scale bar is 200 microns 
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roughness.   
 
1.2.2 In-vivo verification of CC-CBMSE 
 The CC-CBMSE arrays were tested in-vivo by pressure injecting DA into the SI of 
anesthetized adult rats.  A total of 4 animals were used for the in-vivo study.   
 Procedures involving animals were carried out with approval of the Drexel 
University Institutional Animal Care and Use Committee. During in-vivo experiments, an 
electrode/micropipette array was implanted into the somatosensory cortex (SI) of the rat. DA 
was utilized as the model monoamine because it is not endogenous to the SI, thus the DA 
measured was not the result of natural release. 
 Adult rats were anesthetized with an i.p. injection of urethane (1300 mg/kg) and 
placed in a stereotaxic frame with the top of the skull in the horizontal plane.  A micropipette 
was filled with 200 µM DA and was attached to the shank of the CC-CBMSE using sticky 
wax (Kerr Laboratory Products, City).  Care was taken to ensure that the distance from the 
micropipette to one recording site on the CC-CBMSE array was approximately 100-200 µm.  
The distances of the micropipette to the other three recording sites on the CC-CBMSE array 
were also measured.   
 A small hole was drilled over the SI and the electrode/pipette bundle was implanted 
(2.0 mm AP,  5.2 mm ML, 1.0 mm DV coordinates from Bregma) (Paxinos and Watson, 
1997).  Another burr hole was made in the skull anterior to the implantation site for the 
Ag/AgCl reference electrode, which was held in place by dental cement (Durelon, 
Norristown, PA).  
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Figure 1.2: In-vivo verification of multi-site array 
In-vivo response of all four recording sites on the multi-site array to the same injected volume (29 nL) of dopamine.  As the 
distance between the recording site and the micropipette is increased, the maximum concentration decreases.  This expected 
result verified that the multi-site array was able to record the oxidation current of DA in-vivo.   
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After the signal from one recording site of the CC-CBMSE array had stabilized in vivo, known 
quantities of DA were pressure injected via Picospritzer II pressure injection unit (General Valve 
Corporation, Fairfield, NJ).  An ejection pressure of 30 PSI was utilized for varying times from 
10 ms to 500 ms producing injected volumes in the range of 5 to 50 nL.   Following each 
injection, the signal returned to baseline before subsequent injections.  The procedure was 
repeated until every recording site had been recorded from.   
 Following pressure injection of DA into the SI, the concentration of DA was recorded at 
each site of the CC-CBMSE.  The DA diffusion profile was also determined for the four different 
sites on the array; their distance from the injection source varies from 118 to 364 µm (Figure 1.2).  
 
1.2.3 In-vivo comparison of CFM and multi-site array 
 An in-vivo comparison was made between the recording site of the CC-CBMSE and a 
CFM that had similar distances from the micropipette (175 µm vs 180 µm).  For the same volume 
of DA injected, there was no significant difference in peak concentration between the CC-
CBMSE and the CFM (p= 0.82).  When comparing the rise times of the different electrodes, there 
was again no significant difference between the two different types of electrodes (p= 0.331).  This 
verified that the CC-CBMSE array was able to record similar oxidation currents to that of a 
standard CFM in-vivo.  
 
1.3 METHODS  
1.3.1 Modeling Diffusion and Uptake 
 In vivo results from the CC-CBMSE array were compared to the results of a simulation 
performed using Nicholson‘s model of diffusion and uptake of monoamines in the brain 
(Nicholson, 1995).  This model is a second order partial differential equation that combines the 
22 
 
standard diffusion equation (Equ 1.1) 
 
with Michalis-Menton uptake kinetics (Eq 1.2). 
 
This equation is reproduced as equation 1.3 where C is the concentration of the monoamine, t is 
time, r is the radius of the bolus injected, D is the diffusion coefficient (Nicolson, 1995; 
Nicholson et al., 1981, 2000) and alpha is the amount or volume of extracellular space per unit of 
total brain tissue volume.  The uptake term models the clearance of the neurotransmitter from the 
extracellular space through the uptake transporter.  It consists of two important parameters: 
Vmax, that represents the clearance of the monoamine of interest, primarily through the uptake 
transporter and Km that represents the binding affinity of the monoamine to the uptake 
transporter.  The output of the model gave the change in DA concentration as a function of time 
relative to the time of injection of DA and distance from the source of the injection.  
 
1.3.2 Adapting the model for pressure injection  
 The initial model presented by Nicholson (1995) used iontophoresis, a method using a 
pulse of current to transport and eject the number of moles out of a pipette, to exogenously 
introduce the neurotransmitter into the extra-cellular space.  However, for the in-vivo work that 
was done for this Chapter, pressure injection was used to exogenously introduce DA into the SI.  
Therefore, it was necessary to adapt Nicholson‘s model so that the output could be compared to 
  (1.3) 
 
 
     (1.1) 
 
 
      (1.2) 
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the data collected in-vivo.  To accomplish this, the calculation of the number of molecules 
released per unit time per unit area was modified to simulate a bolus injection of a known 
concentration of DA.  With iontophoresis, the actual number of  moles released from the source 
(e.g. pipette) in response to the applied iontophoretic current is known, allowing the flux to be 
calculated (Nicholson, 1985).  For pressure injection, the volume of a known concentration of DA 
solution and the time for injection is known.  To adapt the model for pressure injection, the flux is 
represented by the average number of moles released per unit time given the known volume and 
total release time.  This method for adapting Nicholson‘s model was previously verified 
(Koetsawasei, 2007) and used for all calculations in this Chapter.   
 
1.3.3 Integration methods  
 In order to solve for the concentration as function of time and space, the partial 
differential equation was converted to an integral equation and solved for by standard numerical 
methods similar to previous studies and described in detail by Nicholson (Tosaka and Miyaki, 
1982; Nicholson, 1995).   Briefly, first the integrals were approximated by using the trapezoid 
rule and a set of m+1 nonlinear equations were generated at each time increment.  Next, the 
Newton-Raphson method was used to solve the set of nonlinear equations generated in the 
previous step.  Finally, the LU decomposition method was performed to solve for the set of linear 
algebraic equations presented in the previous step.   
 
1.3.4 Methods of comparing in-vivo data to the model 
 To assess the heterogeneity of the uptake transporter within the SI cortex, comparisons 
were made between the clearance of DA calculated at each recording sites and the clearance of 
DA simulated by the model with constant uptake parameters.  Two different variables were used 
to assess the heterogeneity of uptake: Cmax and C20-60.  From the data, Cmax is the peak 
concentration measured at each recording site for a given volume of DA injected from the 
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micropipette.  The second variable, C20-60, was the clearance of the DA calculated for each 
individual recording site.  This variable was defined as the rate at which the concentration 
decreased from 20% of the peak concentration to 60%.   This can be seen in equation 1.2 where, 
C20 and C60 are the concentrations at 80% and 40% of the peak while t20 and t60 denote the times 
at which the concentration has decreased from 20% and 60% of the peak.  
 
In the model, the values for Cmax and C20-60 are calculated from the simulated concentration in a 
similar manner.  The value for Vmax, 24.6 pmol/min, and Km 0.67uM, were determined 
experimentally from in-vitro studies on the transporter (Giros et al., 1994) and was used in the 
simulation. As presented in the background, the distance of each recording site on the CC-
CBMSE array and the micropipette was carefully measured so that the clearance of DA 
calculated at each recording site could be compared to the simulated clearance at the same 
distance from the source of the simulated injection. 
 To assess difference between the data and the model, and hence heterogeneity in the 
uptake, the data for both Cmax and C20-60, were normalized to the location closest to the source.  
The simulation provided an opportunity to assess the heterogeneity of the uptake by comparing 
the in-vivo data to the model that utilized a constant uptake term for Vmax.  It was expected that if 
the in-vivo data was consistent with the simulations, then the uptake in the SI would be 
considered homogenous.  Deviations of the data from the model would indicate that the uptake 
was heterogeneous. 
 
1.4 RESULTS 
 A mathematical model was derived and integrated using methods described by Nicolson 
(1995) to model the change in DA concentration over time and space in response to the injection 
      (1.4) 
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of different volumes of monamines at a fixed concentration (refer to the Methods).  The model 
simulation and the in-vivo data were normalized to the site closest to the pipette source and 
comparisons were made for two measurements: peak concentration, Cmax and rate of clearance, 
C20-60.  The change in Cmax recorded in-vivo at each recording site and the Cmax simulated by the 
model both decreased as the distance from the source pipette increased.  However, the rate of 
decrease of Cmax in the model was greater than the rate of decrease of Cmax in-vivo (Figure 1.3).  
In fact, the difference in the change in Cmax between the model and the data was greatest at the 
sites closest to the source of the pipette.  The change in Cmax between the model and the 
simulation at the most distal sites is almost identical. This difference in the maximal 
concentration between the data and the simulation suggests differences in the clearance of DA 
from the extracellular space.   
 To further evaluate the in-vivo data, C20-60 for the model simulation and the in-vivo data 
were compared.  As expected, since the clearance is a function of the extracellular concentration 
of DA, the clearance of DA decreases as the distance from the source pipette increases.  
However, the in-vivo data do not follow the same trend.  For the two sites 
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Figure 1.3: Comparison of in-vivo data and model simulation 
A. As expected, the maximum concentration calculated from the simulation of diffusion and uptake 
decreases as the distance from the pipette increases.  The rate of decrease for the maximum concentration 
recorded in-vivo is less than that predicted by the model.  Site C is closest to the pipette, followed by site 
B, then A then D (refer to inset).  The difference between the model and the data at site B suggest that the 
value for Vmax used in the model is too small.  B. Due to the decrease in concentration as the distance 
from the pipette increases, the model predicts that the clearance of DA should also decrease.  However, 
the in-vivo data do not follow this trend.  In fact, the clearance at the most ventral site (A) is less than the 
model predicts.  The change in maximum concentration and clearance are shown as a percentage increase 
or decrease from the site closest to the pipette.  The model was run with a Km of .67 M and Vmax of 24.6 
pmol/min. The number of injections and rats is given for each recording site; rats(injections).   
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closest to the pipette, there is little difference in the clearance measured in-vivo.  This suggests 
that the clearance does not change between these two sites but, since the Cmax changes less than 
that of the model, it is likely that the Vmax in-vivo is considerable less than the Vmax reported from 
in-vitro studies and used for the model.  However, the clearance diverged from the model for the 
recording site A.  Interesting, the clearance for recording site D is not different from sites B and 
C.  Since site A is the most ventral site, it is possible that this recording site was in a different 
anatomical layer of the cortex and therefore has a different rate of clearance.  More study would 
be required to confirm this.   
 
1.5 DISCUSSION 
 
1.5.1 Experimental constraints of in-vivo work 
 To assess the heterogeneity of the uptake transporter within the SI cortex, we used our 
CC-CBMSE in vivo to assess the heterogeneity of the noradrenergic uptake transporter in the SI 
by pressure injecting known volumes of DA into the extracellular space and comparing the 
clearance to that of a computational model with constant uptake.  While it is well known that 
monoamines such as DA and NE can be cleared from the extracellular space via several different 
mechanisms, this approach makes a reasonable assumption that the major mechanism for the 
clearance is the uptake transporter.  Therefore, differences in the clearance of DA from the 
extracellular space are most likely due to differences in the NE uptake transporter (NET).  Since 
our data demonstrate differences in the clearance between recording sites of our multisite array 
spaced 200 microns apart, there is likely to be heterogeneity in the uptake transporters within 
small regions of the SI cortex. 
Dopaminergic fibers do not innervate the SI, thus allowing us to be confident that the 
concentration that was recorded was due to what was injected and not due to endogenous release.  
Since DA is taken up by the NE transporter (Giros et al., 1994), we were able to study the 
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noradrenergic uptake transporter by comparing the data to a model of diffusion and uptake that 
assumes that the amount of neurotransmitter released is known.  This allowed the heterogeneity 
of the uptake transporter to be identified by comparing data recorded from multiple recording 
sites at varying distances from the source pipette to a model with constant uptake. 
 
1.5.2 Role of the uptake transporter in the clearance of monoamines 
One of the assumptions made in this study is that the observed spatial heterogeneity is 
due to a heterogeneity of the NET.  This assumption is based on the theory that uptake plays a 
primary role in regulating the clearance of NE in the SI.  There are several mechanisms that 
regulate the clearance of a monoamine from the extracellular space.  These mechanisms include 
removal by the uptake transporter, enzymatic breakdown and diffusion through the extracellular 
space.  Furthermore, it has been shown that the regulation of the clearance of a monoamine can 
be primarily due to one mechanism.  For instance, studies have shown that the primary 
mechanism responsible for the regulation of the clearance of DA is anatomically specific.  In the 
striatum, there is a strong regulation of DA by the uptake transporter (DAT) (Stamford et al., 
1988; Justice et al., 1989; Giros et al., 1996; Floresco et al., 2003) while in the substantia nigra 
diffusion-based volume transmission is expected to dominate (Cragg et al., 1997, 2001; Rice, 
2000) and in the prefrontal cortex the regulation of DA is primarily through the NET (Morón et 
al., 2002).  While it is a reasonable to assume that the NET is primarily responsible for the 
regulation of the clearance of NE in the SI due to the dense enervation of NE fibers in the SI 
(Simpson et al., 2006), further study needs to be conducted to understand the primary mechanism 
responsible for regulating the clearance of NE in the SI. 
 
1.5.3 Significance of variable uptake 
 Using voltammetry to measure the rate of uptake of a neurotransmitter in-vivo has been 
the subject of many studies. It was first reported that the amount of DA released and taken up is 
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heterogeneous within small regions of the striatum (Wightman et al., 1988) and confirmed by 
other studies (Dressman et al., 2002).  Recently, the amount of DA was shown to be spatially 
heterogeneous in the nucleus accumbens of the rat providing further evidence that the 
extracellular concentration of DA varies within small regions of the brain (Wightman et al., 
2007). 
 For NE, it has been demonstrated that the distribution of NE fibers is homogenous across 
the different layer of the cortex (see review, Berridge and Waterhouse, 2003).  This finding would 
suggest that the endogenous release of NE would be uniform across the various layers.  However, 
if the uptake is heterogeneous, then the concentration could vary considerably despite the uniform 
release which would have important implications for neuronal function and behavior.  Our study 
did not have the anatomical specificity necessary to identify the precise location of each recording 
site within our array.  Therefore, whether the differences seen in our study are due to potential 
uptake differences across different layers of the SI is the focus of future studies. 
It is not surprising that our data suggest differences in the uptake within small regions of 
the SI. Heterogeneous uptake of NE was also demonstrated by Mitchel et al. (1994) between the 
upper and lower cingulate cortex.  However, Mitchel et al., could not examine difference between 
smaller distance because of the lack of a multisite electrode.  Understanding minimal distances 
over which uptake can vary could be achieved with a multi-site electrode with small inter-site 
distances, similar to the one designed by our lab and used in this Aim.   
 These studies of the heterogeneity of the uptake transporter are important because they 
would imply heterogeneity of the regulation of the NE and DA.  This heterogeneity of both DA 
and NE would affect neuronal firing and ultimately behavior.  For example, neurons in different 
layers of the SI have different functional roles for processing sensory information.  Understanding 
how the spatial heterogeneity of the uptake transporters may correlate with anatomical regions of 
the brain could provide insight in to the function of these neuromodulators.   
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1.5.4 Future directions for the multi-site array 
 Despite the many advantages to our CC-CBMSE, several improvements could be 
made to aid in future studies.  Although the sensitivities between our arrays and CFM 
were comparable, the sensitivity of our arrays could be improved.  One way to improve 
the sensitivity is to increase the surface area of the recording sites thereby, making it a 
viable tool to be used in future studies that involve smaller concentrations, such as natural 
release of monoamines in an awake animal.   
 Additionally, there were disadvantages to the electron-beam deposition of carbon 
onto the recording sites.  First, the deposition produced a ―rough‖ surface to the recording 
sites, which increases the sensitivity but decreases the temporal response of the electrode.  
The effect of this method of carbon deposition on the temporal response is examined in 
detail in the next Chapter.  Finally, mishandling of the electrode can lead to the electrodes 
breaking.  In order to minimize the need for handling the electrodes a voltammetry 
system has been designed by our lab that can record from up to four channels 
simultaneously.  This system is described in detail in the second Chapter and used in vivo 
to record endogenous release of NE via stimulation of the locus coeruleus in Chapter 3. 
 
1.6 Conclusion 
This study compared the in-vivo analysis of the NE transporter to a model that combines 
a standard diffusion equation with a constant parameter for the uptake term described by 
Michaelis-Menten kinetics.  The difference between the uptake of the in-vivo data and 
the uptake of the model provides evidence that the uptake of NE is heterogeneous in the 
SI cortex.   
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CHAPTER 2: CLASSIFYING THE ELECTROCHEMICAL CAHARACTERISTICS OF 
THIN FILM CARBON DEPOSITION 
 
 
 
 
Aim 2: Compare the sensitivity and temporal response of recording sites on our thin film 
multi-site electrode arrays produced with different carbon deposition processes.     
Hypothesis:  Different thin film carbon deposition procedures will alter the 
electrochemical recording characteristics of our thin film multisite arrays.   
 
Aim2a: Design software to record and analyze from multiple (up to 4) channels 
simultaneously from a single potentiostat.  
 
Aim2b: Identify the effects of ion-beam assisted deposition of carbon compared to 
electron-beam deposition alone on the electrochemical characteristic of thin carbon 
surfaces.  
 
 
2.1 Introduction  
 As was presented in the first Chapter, the uptake of monoamines differs within small areas 
of the primary somatosensory cortex, similar to what others have seen with dopamine (DA) in the 
striatum (Wightman et al., 1988; 2007; Dressman et al., 2001) and with norepinephrine (NE) in 
the cingulated cortex (Mitchell et al., 1994).  Therefore, there arise two specific needs: first is the 
ability to record simultaneously from more than two working electrodes and second is a multisite 
electrode capable of monitoring the in-vivo dynamics within these small regions of the brain.  
Both of these needs will be addressed in this Chapter. 
 In the first part of this Chapter, a software suite capable of recording and analyzing the data 
from a newly developed multichannel system was designed.  One of the major obstacles in the 
design of a voltammetry system that can operate at high speeds (> 300 V/s) with multiple 
working electrodes is the increase in system noise and instability as the number of working 
electrodes in the system increases (Fielden and McCreedy, Analytical Chemistry; 1993).  This 
instability, which is explained in detail in the following sections, is due to the current to voltage 
transducer (CVT) for each working electrode.  To overcome this obstacle, a new voltammetry 
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system was designed in our lab that allowed the system to function under stable operating 
conditions.  In this Chapter, a software suite was developed to record and analysis data from 
multiple working electrodes simultaneously.   
 In the second part of this Chapter, we will extend our design of a thin film carbon coated 
microelectrode for voltammetry by modifying the deposition procedure.  The effects of two 
different carbon deposition methods on the electrochemical characteristic of thin carbon surfaces 
are compared, to understand their impact on the ability to detect monoamines.  Since 
neurotransmitters, such as dopamine and norepinephrine, adsorb to the oxide groups of the carbon 
surface (Baur et al., 1988; Hermans et al., 2006), an electrode with a rough surface having a 
higher number of oxide groups will be more sensitive.  In contrast, an electrode with a smooth 
surface will not have as many oxides and surface adsorption will decrease.  This decrease in 
surface adsorption will lead to a decrease in sensitivity. The trade-off is that high rates of 
adsorption will decrease the temporal response of the microelectrodes.  This will be further 
explained in the following sections. Therefore, by changing the deposition techniques, the 
electrode can be tailored to the specific needs of the experiment.  In this Chapter we will compare 
the two deposition methods that produce either a rough or smooth surface and evaluate the 
conditions under which each type of electrode will be effective.   
 
2.2 Background  
 While recent voltammetry studies have shown that the release and uptake of monoamines 
such as DA and NE vary within small regions of the brain, these studies were done while 
recording from either different locations in the brain (Mitchel et al., 1994) or in the same brain 
nuclei (Wightman et al., 1988) at different times.  Since biological systems are non-stationary, in 
order to have a better understanding of the spatial heterogeneity of monoamine in the brain, it is 
necessary to perform voltammetric recordings from multiple channels simultaneously.   
 As was stated in Chapter 1, voltammetry involves applying a small potential across a 
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reference electrode and a recording electrode.  This small potential is sufficient to oxidize 
electroactive species near the surface of the recording electrode and the resulting oxidation 
current is proportional to the concentration.  The circuitry that allows such an experiment consists 
of two main components: a potentiostat and a current to voltage transducer (Figure 2.1).  The 
components and specifications of a potentiostat are explained in further detail in the following 
sections.   
 The inability to record from multiple voltammetry channels simultaneously is due to each 
CVT involved in a voltammetry experiment introduces a certain amount of electrical oscillations 
due to the electrical components associated with the CVT.  Therefore, it is imperative to filter out 
the noise caused by the CVTs.  However, the ability to filter out the noise presented by each CVT 
introduces another problem by limiting the bandwidth of the voltammetry system preventing the 
output from being accurately produced.  While the balance between filtering out noise in the 
 
Figure 2.1: Basic voltammetry circuit 
The basic voltammetry circuit consists of two main components: the potentiostat (shown in the blue 
square) and the current to voltage transducer (shown in the green square).  The main function of the 
potentiostat, which consists of two operational amplifiers, is to ensure that the voltage applied to 
the extracellular space remains constant.  The current to voltage transducer  (CVT) amplifies the 
current that is recorded by the recording electrode and converts the current to a voltage.  The 
feedback amplication circuit of the CVT provides a means of lowering the noise of the system, but 
creates a low pass filter that decreases the effective bandwidth of the system. Therefore, the 
difficulty arises in selecting an appropriate capacitive value to minismize the noise while still 
maintaining a feasible bandwidth to reproduce the recorded signal. This is not a problem with one 
channel, but has limited the ability to have multiple recording channels. 
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system and maintaining a feasible bandwidth to faithfully produce the output is not an issue for 
one channel, the addition of multiple voltammetry channels presents an addition of multiple 
CVTs presents the difficult situation of filtering out the noise associated with each CVT while 
maintaining a feasible bandwidth for the entire voltammetry system.  To overcome this obstacle, 
a new voltammetry system was designed in our lab and explained in detail below.   
 
2.2.1 Voltammetric techniques in-vivo 
 In performing a voltammetry experiment, the usefulness of the data recorded depends on 
the precision and accuracy of controlling the potential that is being applied from the reference 
electrode to the working electrode (He and Faulkner, 1982).  A device that monitors the 
difference and compensates for any voltage drop is called a potentiostat.  While it is theoretically 
possible to have multiple potentiostats, each controlling an individual channel, the idea is not 
practical especially for in-vivo use (Fielden and McCreedy, Analytical Chemistry; 1993).  For 
example:  if an experiment was conducted with an electrode array similar to the array present in 
Chapter 1 with four recording sites, each recording site would require a reference and counter 
electrode.  That would mean that a total of 8 counter and reference electrodes would need to be 
placed into the brain along with the recording electrode array.  This example demonstrates the 
impracticality of having individual potentiostats controlling each working electrode and points to 
the benefit of having one potentiostat that can control multiple working electrodes at high scan 
rates.  However, this potentiostat must have high precision component in order not to contribute 
to instabilities and noise in the system.  Such a potentiostat was constructed in our lab using a 
design similar to what was previously reported (Howell et al., 1986; Garreau et al., 1989), but all 
of the electrical components were upgraded.   
 
2.2.2 Selectivity of Voltammetry 
 One of the benefits of voltammetry is the flexibility to apply different voltages at different 
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frequencies.  There are several different types of voltammetry ranging from applying a constant 
potential, known as constant potential amperometry (CPA) to applying specific waveforms.  The 
shape and duration of the applied waveform further defines the type voltammetry.  
Chronoamperometry uses a square pulse while cyclic voltammetry uses a triangular waveform.  
While each method of voltammetry has its own benefits, one of the major problems associated 
with in-vivo voltammetry in general is the limited selectivity because several oxidative species 
found in-vivo oxidize at similar potentials.     
Perhaps the best known example of the pitfalls associated with a lack of selectivity 
occurred when it was incorrectly concluded that the in-vivo voltammetric signals recorded in the 
rat caudate nucleus after drug injection were entirely due to dopamine (DA) (Gonan et al. 1980, 
Adams, 1990).  In actuality, the signal was primarily due to the oxidation of ascorbic acid (AA).  
This mistake occurred because of the similarities of the oxidation voltages of AA and DA, and 
has led to a widespread mistrust of voltammetry as a viable technique that could be used in-vivo 
(Adams, 1990).  However, because of this mistake, much time and effort has been spent on 
providing assurance that the species recorded in-vivo is in fact the species desired or selectivity.   
 One way to improve selectivity is to coat the electrode with a semipermeable thin film such 
as Nafion that selectively repels AA due to its charge and large size.  This is especially important 
in experiments that use chronoamperometry (CA) that steps the potential to a particular voltage of 
interest and holds it there for anywhere from milliseconds to seconds.  The voltage chosen is 
based upon the potential at which the particular neurotransmitter of interest oxidizes.  In this case, 
any species that oxidized at this potential will contribute to the oxidation current.  Nafion can at 
least provide some measure of selectivity.   
A more robust approach is to use fast-cyclic voltammetry (FCV).  This method applies a 
triangular voltage where the voltage is ramped up then ramped down at the same rate, commonly 
referred to as the scan rate.  This can be done several times a second (Millar and Barnett, 1988; 
Michael et al., 1999).  The first part of the sweep is known as the oxidative sweep where the 
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oxidation of the electroactive species occurs and the decreasing sweep is known as the reductive 
sweep where the species is reduced.   
It has been suggested that FCV can be more selective than CA for two main reasons.  The 
first is the fast scan rate used by FCV exploits differences in the rates of electrochemical 
oxidation of compounds (Nicholson, 1965; Adams 1990; Heien et al., 2003; Heien et al., 2004).  
This is especially useful in discriminating AA from neurotransmitters.  The kinetics of the 
oxidation of AA is very slow compared to DA or NE, therefore at rapid scan rates, the oxidation 
potential of AA is moved to a more positive potential and minimal currents are observed for AA 
at the potential where DA or NE oxidize (Adams, 1990).  The second benefit to FCV is the ability 
to subtract a set of data from the mean of background data.  This method, known as background 
subtraction, reveals the voltage at which the oxidation and reduction of the species of interest 
occurs.  One way of displaying this is by plotting the background-subtracted current as a function 
of applied voltage.  This plot, known as a cyclic voltammagram (CV), has been shown to be 
different for several different oxidative species in-vitro (Heien et al., 2004) and has therefore, 
been a valuable method of verifying the oxidative species seen in-vivo (Kozminski et al., 1998; 
Kulagina et al., 2001).  Therefore, FCV applied at a high scan rate can aid in discriminating 
different electroactive species in-vivo compared to CA.  Therefore, when designing our multi-
channel system, we focused on FCV due to the selectivity advantages it provides.     
 
2.2.3 Recording from multiple working electrodes - stability vs. bandwidth 
 As was presented in the first Chapter, recent studies have shown that the concentration of 
monoamines differs within small areas of the brain.  With this knowledge there arises the need to 
be able to record simultaneously from more than two working electrodes.  Given the selectivity 
issues raised above, there is also a need to scan at high rates.  One of the major obstacles in the 
design of a voltammetry system that can operate with a single potentiostat at the required high 
scan rates with multiple working electrodes is the increase in system noise and instability as the 
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number of working electrodes in the system increase (Fielden and McCreedy, Analytical 
Chemistry; 1993).   
 This increase in system noise and instability is attributable to several factors.  First, an 
increase in the number of recording channels increases the number of current to voltage 
transducers (CVT) needed.  Each CVT introduces a certain amount of electrical oscillations due 
to the electrical components associated with the CVT.  These oscillations occur from recording at 
high sampling rates and affect the stability of the system to reproduce the voltammetric current.  
To stabilize the system, a stabilizing capacitor (Cs) is placed in parallel on the feedback loop of 
the CVT.  While this method decreases the oscillation of the circuit and provides a means of 
stabilizing the system, placing Cs in parallel with the resistor creates a low pass filter that 
decreases the overall bandwidth of the system (Garreau et al., 1989).  The introduction of a low 
pass filter into the circuit leads to the second issue associated with trying to record from multiple 
recording channels.  In order to faithfully achieve a reproduction of the voltammetric current, the 
bandwidth of the system must be a minimum of 10 times the scan rate (Anderson, 1976).  This 
means that for a minimum scan rate of 300 V/s, the minimum bandwidth of the system would be 
3 kHz.  With the addition of multiple recording channels, there comes an addition of multiple low 
pass filters that greatly reduce the bandwidth of the entire system.  Therefore, the difficulty arises 
in selecting an appropriate value for Cs so that minimal oscillations occur, while maintaining a 
feasible bandwidth of 10 times the scan rate.  This difficulty was presented in detail by Garreau 
and colleagues (1989) when selecting a proper Cs value for a single channel.   
 To overcome this obstacle, a new voltammetry system was designed in our lab that has 
tunable capacitors placed on the current to voltage converters for each channel.  These tunable 
capacitors allowed the capacitance of each channel to be fine-tuned allowing the system to 
function under stable operating conditions while maintaining the ability to operate within the 
needed bandwidth so that the output of each channel is not attenuated.   
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2.2.4 Verification of our voltammetry system 
 As was previously stated, a minimum scan rate of 300 V/s is needed to see a difference in 
the rates of electrochemical oxidation of compounds.  This means that a minimum bandwidth of 3 
kHz is needed for the entire voltammetry system to be able to consistently construct the 
electrochemical data.  To test the capabilities of our voltammetry system, a 0 to 5 V square wave 
at 1 kHz was inputted and the frequency was increased until the output square wave became 
attenuated.  Attenuation of the output signal occurred at 20 kHz, which is more than 6 times the 
necessary bandwidth of the system.  Furthermore, the maximum rate that our voltammetry system 
can be run at is 2,000 V/s, which is well above the necessary 300 V/s criteria.  
 The voltammetry system that was designed allowed for the simultaneous recording of up 
to four channels while being driven by a single potentiostat.  However, a software suite capable of 
interfacing and analyzing the data recorded from the system was lacking.   
 
Therefore the first part of this Chapter describes the development of software to interface 
with this new voltammetry system so that we can record from our CBMSE arrays described 
in Chapter 1 simultaneously and analyze the data recorded. 
 
2.2.5 Role of surface properties on performance of voltammetry electrodes 
 Carbon fiber electrodes have been used as a working electrode for 
neurotransmitter detection because of the adsorption properties of carbon-based 
materials.  It has been shown that neurotransmitters, such as DA and NE, adsorb to the 
oxide groups on the surface of carbon (Baur et al., 1988; Hermans et al., 2006).  Methods 
exist to increase the amount of oxides on the surface of a carbon electrode, which 
increases the sensitivity of the electrode.  One such method involves polishing the carbon 
fiber electrode (McCreery, R.L., 1991).  Polishing the electrode creates a rough surface 
that is favorable for adsorption thereby increasing the sensitivity.  Additionally, polishing 
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may influence the process of electroxidation increasing the sensitivity of the electrode 
(Bath et al., 2000).  In contrast, an electrode with a smooth surface reduces surface 
adsorption and increases the electron transfer kinetics (Rice and Nicholson, 1989). An 
increase in transfer kinetics should theoretically allow the electrode to record fast 
transient changes in concentration. The trade-off is that adsorption will be minimized 
thereby reducing the sensitivity of the electrode. Therefore by changing the surface of the 
recording site, the electrode can be tailored to the specific needs of the experiment.  A 
carbon electrode with a smooth surface allows one to monitor fast transient changes, 
which require an electrode that can respond to the fast changes in concentration.  On the 
other hand, an electrode with a rough surface would be better suited for an experiment 
that required higher sensitivity, as oppose to a fast response time.   
 Since our goal is to create a thin film multisite microelectrode to take advantage 
of the precise, inter-site distances that thin film technology can offer, it was important to 
assess the effects of different carbon deposition techniques on the electrochemical 
(sensitivity and temporal response) characteristics of the carbon surfaces. 
 
2.2.6 Carbon deposition techniques 
 The use of carbon deposition has been used in multiple applications such as 
electronic, optical, mechanical and biomedical applications.  However, the use of thin 
film carbon deposition in electrochemistry is an emerging research area (Maalouf et al., 
2006).  While little is know about the electrochemical characteristics of different types of 
carbon depositions, some general rules have been stated.  For example, both deposition 
time and deposition temperature have significant influence on the texture of the carbon 
(Liao et al., 2002; Zhu et al., 2006).  Other things being equal, higher temperatures during 
carbon deposition generally result in smoother thin film surfaces.  Therefore, we 
compared two deposition techniques.  The first deposition technique ion-beam deposition 
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(IB) deposits the carbon slowly (8-10 hours) and at high temperatures (275
0
C) creating a 
smooth surface on the recording sites.  The second technique, electron beam deposition, 
deposits carbon at lower temperatures (80
0
C) for shorter periods (4-6 hours) of time 
creating a rougher surface on the recording sites of our arrays.  
 
The second goal of this Chapter is to understand the effect different depositions of carbon 
have on the electrochemical properties of our CC-CBMSE arrays.   
 
2.3 METHODS 
 
2.3.1 Software design to interface with multiple channel voltammetry.   
 As previously described, a multiple channel voltammetry system was designed in our lab.  
This hardware system allowed a user the ability to perform high-speed recordings from up to four 
channels simultaneously.  However, a software interface was needed to control the potentiostat 
and acquire and store the recorded data.  To meet this need, software was designed to interface 
with the hardware system.  This software was written in LabVIEW by TSA (City, State).  To 
analyze the stored data, a graphical user interface (GUI) called Electrochemcial Software 
Analysis Toolkit (ESAT) was designed and implemented in MATLAB.  This completed 
voltammetry system was then tested to ensure the independence of each recording channel, the 
ability of the software to control the potentiostat and finally, the software‘s ability to 
appropriately collect and analyze the data. 
 
2.3.2 Carbon coating of the recording sites of the ceramic array design  
The procedure for fabricating the basic thin film array was fully described in and Moxon 
et al. (2004) and in Chapter 1.  Briefly, ceramic wafers (1 square inch, 50 µm thick) were cleaned 
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and prepared with appropriate resist features which defined the electrode pattern. The recording 
sites, conducting lines and bonding pads were patterned directly on to the ceramic substrate wafer 
in platinum, using reverse photolithography (200 Å chromium, 1500 Å of platinum). Next, the 
conducting lines of the CBMSE arrays were insulated with a layer of alumina (1000 Å) using ion 
bean-assisted deposition.  
The recording sites on the basic array were then coated with a thin film of carbon using 
two different techniques: electron-beam deposition and ion-beam deposition. The first type of 
coating, electron beam deposition, was described in the first Chapter.  Briefly, after the insulation 
procedure, the recording sites were defined using a third level mask.  Two sizes of recording sites 
EB Large
Actual SA = 4200 μm2
EB Small
Actual SA = 1250 μm2
IB Small
Actual SA = 2500 μm2
IB Large
Actual SA = 4900 μm2
 
Figure 2.2: Multisite arrays tested 
The electrochemical characteristics of different carbon depositions were tested in this Chapter.  The 
multisite array on the left had electron beam (EB) deposition of carbon on the recording sites.  This 
deposition of carbon occurred at a lower temperature (85˚ C) and shorter amount of time (4-6 hours) than 
the deposition on the left.  The deposition on the left was done using ion beam assisted deposition which 
occurs at a higher temperature (275˚ C) and for a longer period (8-10 hours) of time that EB deposition.  
Each multisite array had two different sized recording sites.   
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were defined and produced, 1221 μm
2
 and 3141 μm
2
. A carbon film (500 Å) was electron-beam 
deposited onto the patterned substrate. A layer of chrome (50 Å) was deposited under the carbon 
(15 Å/min) and served as an adhesion layer. The unwanted carbon overlying the photoresist was 
removed in a final lift-off step in boiling Nophenol 922 (90 +/- 5 
o
C)).   
The second type of carbon deposition was performed using ion-beam assisted deposition 
(IB) of carbon over the platinum recording sites.  IB deposition was performed at 250 C (+/- 75) 
for eight to ten hours.  Two different size recording sites were patterned out for separate 
electrodes.  The first size was a 2500 μm
2
 square recording site and the second size was a 4900 
μm
2
 micron square recording site.  
Each individual CC-CBMSE array was released from the substrate by laser cutting. To 
complete the assembly, the bonding terminals were mounted to a micro-connector using thermo-
sonic wire bonding (Process Tek, Lynnefield, MA). The mounting procedure is described in 
detail by Moxon et al. (2004).  After mounting, the electrodes were carefully inspected under a 
microscope for any defects in the surface of the carbon coating.  If defects were detected, these 
sites were not used for testing.   
 
2.3.3 Sensitivity comparison of carbon deposition techniques 
 Sensitivity testing was done using a commercially available chronamperometry system 
(IVEC-10, from Medical Systems, Greenvale, NY).  A step potential of 0.5 V versus a Ag/AgCl 
reference electrode was repeated at 10 Hz.  Calibrations were performed similar to the methods 
described elsewhere (Gerhardt et al., 1987; Gratton et al., 1989).  Briefly, each individual 
recording site was calibrated in 40 mL of 0.1 M solution of PBS.  .  Baseline currents were 
recorded and a gain parameter was set to normalize the background current.  Calibrations were 
performed by addition and mixture of aliquots of 40 µL of 2 mM of DA (made using 0.1M PBS; 
Sigma Chemical) increasing the concentration of the beaker by 2 μM for each addition.  At least 
three successive additions were made to create a linear regression of the data.  The slope of the 
43 
 
calibration curve was used to define the sensitivity of the electrode.  Only recording sites with a 
Pearson‘s coefficient of .99 or greater were used in the sensitivity comparison.-  
 
2.3.4 Temporal response comparison of carbon deposition techniques   
 Due to the limitations of the IVEC system, temporal response testing was performed with 
our newly developed multichannel system.  This high-speed system allowed multiple (up to four) 
channels to be recorded simultaneously using fast scan cyclic voltammetry (FSCV).  Software 
was developed using LabVIEW to simultaneously acquire data from the sites and analysis 
software was written in MATLAB.  To test the temporal response of the different type of carbon 
deposition, each electrode array was placed in a flow cell apparatus and a known concentration of 
dopamine (DA) was delivered at a specified time.  The flow cell was driven by a syringe pump 
(KD Scientific; Holliston, MA) and controlled by a 6-port injection valve (Upchurch Scientific, 
Oak Harbor, WA).  The rate of flow from the syringe pump was held constant at 300 ml/s for 
each experiment.  After 10 seconds of background data were collected in which only PBS was 
flowing throw the flow cell, DA was sent through the sample loop for 10 seconds followed by a 
10 second period of washout.   
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 Two response characteristics of the electrodes were compared.  The first was the initial 
slope of the current as a function of time.  This measurement is referred to as the rate of increase 
of the electrode.  The second measurement that was compared was the time for the electrode to 
reach a steady state value.  This was calculated by subtracting the time at which the oxidation 
current of DA had reached a steady state value and subtracting it from the initial point before DA 
was injected.   
 
2.3.5 Data analysis 
 
Figure 2.3: Calculating the temporal response 
Two measures of temporal response of the multisite arrays were compared.  The first was the initial rate of 
increase of the response of the recording site.  This was calculated as the initial linear response of the 
electrode to the DA.  The second was the time to steady-state.  This was calculated as the time it took for 
the response to reach a steady-state value.  The red plot is the response of the IB deposition and the black 
plot is the response of the EB.   
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 To compare the sensitivities, a one-way ANOVA was used with four levels: small EB, 
large EB, small IB, and large IB.  Tukey post-hoc test was used to assess difference between 
parameters. For the response times of the recording sites, a t-test comparing the temporal 
response of the EB to the IB was performed.  For all comparisons, a p value of less than 0.05 was 
considered significant.  
 
2.4 RESULTS 
2.4.1 Verification of Multichannel Voltammetry system 
2.4.1.1 Testing the data collection software   
 The goal of this section was to design a software interface for our multi-channel 
voltammetry system that would record from multiple (up to 4) channels simultaneously and 
analyse the recorded data.  Software was written in LabVIEW that allowed us to interface with 
the hardware previously developed in our lab and described in the background section.  
LabVIEW was chosen as the software due to the ease of use of interfacing the hardware with the 
NIDAQ boards that are distributed by National Instruments (Austin, TX).  The software provided 
control over the input waveform and the potentiostat and collected the data that was recorded by 
the hardware.  To analyse the data, a graphical user interface was written in Matlab that would 
import the recorded data and analyse the data.   
 
2.4.1.2 Control over the input waveform 
 The software was designed with the ability to accept any user-specified input file that 
would define the waveform shape.  For instance, if a user wanted to apply a triangle wave from -
0.4 volts to 1.0 volts, the user would simple create a text file starting at -0.4 volts and increasing 
in increments that the user defined to 1.0 volts and then decreasing back down to -0.4 volts.  
However, since this is a multi-channel system, it is important 
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keep in mind that the increments of the input wave form, or resolution of the waveform was 
limited by the sampling rate of the NIDAQ board.  The user must therefore specify the resolution 
of the inputted waveform to the software.   It is imperative therefore, that the user does not define 
a waveform resolution that exceeds the sampling frequency of the NIDAQ board.  For example: if 
an input triangle waveform from the previous example from -0.4 to 1.0 volts was the desired 
input waveform run at a rate of 300 V/s while running four channels simultaneously, the 
resolution of the input waveform could be no smaller than 0.96 millivolts.  This number was 
arrived at by dividing the sampling rate of the NIDAQ board (1,250,000 samples per second) by 
the number of channel of recorded channels (4) which gives the sampling rate for each channel 
(312,500 samples per second) or 1 sample every 3.2 us.  In order to run from -0.4 to 1.0 volts at 
300 V/s, the input waveform would take 9.3 milliseconds or roughly 2,906 us.  Since a total 
voltage of 2.8 volts is being inputted, the resolution of the input waveform would be the total 
 
Figure 2.4: Simultaneous recording of four channels 
Software was designed in our lab to interface with a multichannel voltammetry system.  Firgure 2.3 is a 
screenshot of a FCV recording that was done of four channels simultaneously.  
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voltage divided by the amount of time needed to complete the input waveform which, for this 
example equals 0.96 millivolts.   
To verify that the software was able to accept and output the correct waveform, the 
output of the potentiostat was monitored on an oscilloscope while either a square or triangle 
waveform was tested.  For each waveform that was inputted independent of shape, the correct 
outputted waveform was observed on the oscilloscope.  This simple test verified that the software 
was outputting the correct shape of the inputted waveform.   
The software allowed the user to select the frequency that the waveforms were applied to 
the nearest whole frequency.  To ensure that the frequency of the waveform was being correctly 
output, a test was performed by changing the frequency in the software and observing the 
frequency of the outputted waveform on the oscilloscope.  Frequencies of 3, 5 and 10 Hz were 
tested because they are frequencies of interest for in-vivo voltammetry.  It was observed that for 
changes in the desired frequency, the output waveform correctly displayed the inputted 
frequency.   
 Finally, the software allows the user select the scan rate.  We verified that the software 
was outputting the correct scan rate of a triangle waveform as follows.  We applied a triangle 
waveform from -0.4 V to 1.4 V and varied the scan rate (V/s) of the waveform.  To achieve good 
selectivity, as stated in the background, it is necessary to maintain a scan rate of 300 V/s in-vivo.  
For a triangle waveform with a voltage that went from -0.4 to 1.4 V at a scan rate of 300 V/s, the 
entire triangle waveform should have a width of 12 ms.  This time was calculated by taking the 
total voltage from the triangle waveform (3.6 volts: 1.8 in a positive sweep and 1.8 in a negative 
sweep) and dividing it by the scan rate (300 V/s).  Therefore, when testing the software‘s ability 
to output the triangle waveform at the correct scan rate, the width of a single outputted triangle 
waveform was measured.  For example, it was observed that for 300 V/s, the width of the 
outputted waveform was correctly outputted at 12 ms. Scan rates ranging from 100 V/s to 500 V/s 
in 100 V/s increments were tested. For each change in scan rate, the width of the outputted wave 
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corresponded to the changes in scan rate and equalled the calculated width.  By changing the scan 
rate of the inputted waveform and measuring the width of the outputted triangle waveform, we 
were able to verify that the software was accurately outputting the correct scan rate.   
 
2.4.1.3 Verifying the output of the current-to-voltage transducer 
 Once it was verified that the software was able to correctly output any inputted 
waveform, we then verified that the software was able to display the correct data.  To do this test, 
four carbon fiber microelectrodes were connected to the input of the CVTs and placed in a PBS 
solution.  A Ag/AgCl reference electrode and Ag counter electrode were connected to the 
potentiostat to complete the circuit.  A triangle waveform (-0.4 to 1.4; 300 V/s; 10 Hz) was 
inputted to the potentiostat and the output of the CVTs were connected to a four channel 
oscilloscope.  The outputs of the CVTs were the connected to the input of the NIDAQ board and 
recorded by the software.  It was observed that the input recorded by the software was in fact the 
same as what was displayed on the oscilloscope.  This simple test ensured that the output of the 
CVTs were not being changed in any way by the software or the NIDAQ boards and verified our 
ability to collect data simultaneously from up to four channels (Figure 2.3).   
 
2.4.1.4 Evaluating stability and independence of the voltammetry system   
As was stated in the background, one of the major problems with a multichannel 
voltammetry system is that increasing the number of recording channels increases the instability 
of the system.  In addition, since a single potentiostat is being used, it is necessary to ensure that 
changes in oxidation current recorded at one electrode do not affect oxidation currents recorded at 
neighbouring channels. To verify that our voltammetry system was capable of running four 
independent channels simultaneously while still being stable, four bevelled carbon fiber 
electrodes were placed in a four-flow cell apparatus where each electrode had an individual flow 
cell and sample loop but were bathed in a common well of PBS and, therefore, electrically 
49 
 
connected .  The flow rate through each flow cells was constant across flow cells using syringe 
pumps set at the same flow rate (Harvard Apparatus, part number PHD2000).  This set up 
allowed for DA to be passed independently by one or more electrodes at a time. 
 The multichannel voltammetry hardware was connected to a computer that had the 
software installed and could interface with the voltammetry hardware.  This tested the stability of 
the multichannel voltammetry system to control the potentiostat‘s response to having an oxidative 
current on one or more channels.  The main concern is that the oxidative current on one channel 
causes a large potential drop that the potentiostat must respond to in order maintain control of the 
input waveform.  For the first rung, a large bolus of DA (100 M) was passed by one electrode 
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Figure 2.5:  Independence of each channel of the multichannel recording system 
To test the independence of the multichannel recording system, four beveled carbon fiber electrodes were 
placed in a flow cell apparatus specially designed to hold four independent electrodes.  A large bolus of 
DA was passed by the first channel and then each for each subsequent run, DA was passed by an 
additional channel.  The oxidation current of the channels that were not receiving DA did not change and 
the voltage where the peak oxidative current occurred never changed verifying the independence of each 
channel and the potentiostat‘s ability to control four independent channels. 
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while recording from all four electrodes simultaneously.  The amount of DA was clearly observed 
on one channel; however, none of the other channels registered a change from background 
current (Figure 2.4).  For each subsequent run, DA was passed by another channel until DA was 
passed by all four channels at the same time.  The oxidation and reduction voltage of the 
electrode that had DA first introduced did not shift when DA was introduced on any of the three 
other channels.  This test verified our ability to record from up to four channels simultaneously 
while the potentiostat maintained control over the voltage applied to the four channels.   
 
2.4.1.5 Analysis software  
 A graphical user interface (GUI), Electrochemical Software Analysis Toolkit (ESAT), 
was designed and written in our lab to analyse the files collected by the LabVIEW software 
(Figure 2.5). ESAT has four main displays that allow the user to examine voltammagrams 
(Display 1 and 2), current intensity as a function of applied voltage and scan number (Display 3) 
and a current vs. scan number plot (Display 4). Display 1 (upper left hand corner) consists of a 
plot of all the scans that were collected in a given experiment, a scroll bar for selecting a single 
scan of interest, a text box for entering the number of background scans in the experiment and a 
push bottom that allows the user to average the background scans, subtract them from the selected 
scan and plot them in Display 2.  Display 2 consists of The background subtracted voltammogram 
in Display 2 (Lower left hand corner) consists a plot of the background subtracted voltammogram 
selected from Display 1, a push bottom to smooth the voltammogram using a moving average and 
a text box to enter the number of points to average.  
Display 3 allows the user to identify the voltage where the peak oxidation occurs.  TO 
accomplish this, the third display plots the scan number on the X-axis, the voltage sweep on the 
Y-axis and the current intensity as a colour display.  When the user subtracts the average 
background scans using the push bottom in Display 1, the background is subtracted from this 
display as well.  There is also a push bottom to smooth the colour display using a moving average 
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across 100 points. The advantage of this display is that the voltage at which the peak oxidation 
occurs should be used to report the change in oxidation current during the experiment that reflects 
the change in concentration.  This value for the peak voltage is then entered into a text box in 
Display 4.  In Display 4, the changes in current as a function of scan number for the selected 
 
Figure 2.6 Screenshot of ESAT showing dopamine release in the striatum after stimulation of 
MFB 
A GUI was written in MATLAB to analyze the data collected by the multichannel system.  This GUI, 
called ESAT, has four main displays.  Display one, located on the top left of the screenshot displays the 
total number of scans collected in an experiment.  Display 2, located directly below Display 1, plots the 
background subtracted voltammogram of a scan selected in Display 1.  Display 3, is a current intensity 
plot that plots the voltage scan on the Y-axis, the scan number on the X-axis and the intensity o the 
current as the color.  This display allows the voltage where the peak oxidation current occurred to be 
visualized.  Display 4 is a plot of the oxidation current as a function of scan number for a specific 
voltage.   
52 
 
voltage is plotted.  The user has the ability to normalize the current and process the data using the 
―smooth‖ command in Matlab.  Display 4 also includes several analysis features.  The first allows 
the user to calculate the electrode‘s limit of detection (LOD) at the selected voltage.  The LOD is 
defined as three times the RMS value of the background scans.  With this function, a user has the 
ability to determine if the oxidation current that is being displayed is due to a chemical of interest 
or is, in fact, noise.  Another analysis feature is the ability to calculate the linear regression of a 
section of the current vs scan plot.  A user can specify two points of interest and the software will 
calculate the linear regression between these two points.  The value of these linear regression 
options is described later.  
In addition, there are also options to export data using text boxes across the top of the 
GUI.  There is the option to export the background subtracted CV from Display 3.  In addition, 
the user can export the current vs scan plot from Display 4 as a .mat file.  This allows the user to 
graph the displays at a later time and with the software of their choice.   
Finally, the software has the ability to graph a 3D plot of the background-subtracted 
voltammogram (Figures 2.6 and 2.7).  The 3D plot has scan numbers on the X-axis, voltage 
 
Figure 2.7: Background subtracted voltammogram in 2D and 3D array 
The background subtracted voltammogram can be plotted for a single scan in 2D or and array of 
background subtracted voltammograms can be plotted as a 3D array.  The 3D array, shown on the 
right, plots the voltage scan on the X-axis, scan number on the Y-axis, and current intensity on the Z-
axis.   
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sweep on the Y-axis and current on the Z-axis.  This option allows the user to observe the 
background subtracted voltammograms as a function of scan number and voltage.  
 
 This completes the results section for the software designed for our multi-channel 
voltammetry system.  This software represents a robust interface to record and analyse data from 
multiple microelectrdoes – either multiple carbon fiber electrodes placed within the brain or 
multiple recording sites on an electrode array.  This software was next used to assess the temporal 
characteristics of carbon coated thin film arrays (see section 2.4.2) and to record NE in the SI in-
vivo (Chapter 3).   
 
 
54 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8: 3D arrays of NE, 5-HT, and DA 
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2.4.2 Comparing the electrochemical characteristics of different carbon depositions 
To identify differences in sensitivity and temporal responsiveness, the electrochemical 
characterisation of two different carbon deposition methods, electron beam (EB) and ion beam 
(IB), were compared.  EB deposition of carbon occurs at a much lower time and temperature than 
IB, and was therefore expected to produces a rougher surface that would have greater sensitivity 
but slower temporal response.   
   
2.4.2.1 Sensitivity comparison  
 To compare the sensitivity of the IB deposition to that of the EB deposition, the recording 
sites of each type of array were calibrated in a beaker by measuring the oxidation current in 
response to additions of known concentrations of DA using chronoamperometry as described in 
the Methods.  As expected, the sensitivity of the EB recording sites were significantly greater 
than the sensitivity of either of the IB recording sites (p=0.000011; One-Way ANOVA) 
regardless of the size of the recording site (EB large = 266 ± 54, n = 10; EB small = 229 ± 45, n = 
11; IB large = 167 ± 57, n = 13; IB small = 132 ± 66, n = 11).  Importantly, the sensitivity of the 
EB was greater than that of the IB even when the recording site size of the EB was smaller than 
that of the IB.  (EB = 1216 and 4116 um
2
; IB = 2500 and 4900 um
2
).  Therefore, the sensitivity of 
a thin film microelectrode can be adjusted, depending on the application, independent of the 
recording site size. 
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Figure 2.9: Sensitivity comparison of different carbon depositions 
The sensitivities of the different carbon depositions were compared: electron beam EB and ion beam IB.  The sensitivity is the slope of the calibration 
curve for each electrode.  Only electrodes with a Pearson‘s coefficient of .99 or greater were used for the comparison.  As expected, the EB recording 
sites had a significantly greater sensitivity than the IB electrodes (p=0.000011; One-Way ANOVA).  This significant difference when the small and 
large EB recording sites to the small and large IB recording sites (EB small compared to IB small, p=0.003; EB small compared to IB large, p=0.026; 
EB Large compared to IB small, p=0.0002; EB Large compared to IB large, p=0.0006; Tukey post-hoc test).  The increase in sensitivity was not due to 
the EB recording sites having a larger surface area, but due to the rough surface that EB deposition produces.   
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2.4.2.2 Temporal Response Comparison  
 FCV was used to test the temporal response of the different types of carbon depositions.  
The arrays were placed in a flowcell apparatus and a large bolus of DA was delivered through the 
sample loop at a known time for 10 seconds.  The voltage at which the oxidation current peaked 
for each individual recording site was used for the temporal response comparison.  The peak 
current as a function of time was plotted and two measurements were used to compare the 
temporal responsiveness of the recording sites, initial rate of increase and time to steady state (see 
Methods and Figure 3).  As expected, the IB recording sites had a significantly greater initial rate 
of increase (0.12 nA/sec) compared to the EB (0.05 nA/sec), meaning that the IB recording sites 
were responded faster to the bolus of DA than the EB electrodes (One-way ANOVA; p<0.05).  
Confirming this difference, the time to steady state for the IB recording sites was significantly 
less than that of the EB recording sites (p<0.05, One-way ANOVA).
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Figure 2.10: Comparison o temporal response of different carbon depositions 
The temporal response of the different carbon depositions was compared: electron beam EB and ion beam 
IB.  The initial rate of increase of the recording site‘s response to a bolus of DA and the time it took for the 
current to reach a steady state was compared.  As expected, the IB recording sites had a significantly higher 
temporal response than the EB recording sites for both the initial rate of increase (p=0.00015; t-test) and for 
the time it took the response of the recording site to reach a steady state value (p=0.00005; t-test). 
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2.5 Discussion 
2.5.1 Simultaneous electrochemical recording  
 The ability to record from more than two channels simultaneously is a valuable tool. 
As stated above, previous attempts have met much difficulty because of problems with 
instability within the system, and the reduction in bandwidth caused by attempts to mitigate 
this instability (Fielden and McCreedy, 1986).  This difficulty arises from the inability to 
predict the correct value of the capacitors on the filters for each of the CVTs. To overcome 
this, our hardware system utilizes tuneable capacitors that have a range of capacitive value.  
This feature allows the users to fine tune the capacitive values so the system can function 
under stable operating conditions while still maintaining sufficient bandwidth to ensure the 
output signal is not attenuated.  
 
2.5.2 Software interface suite 
 Despite having a system that is capable of recording up to four channels 
simultaneously, software was still needed to interface with the system.  The LabVIEW 
collection software allows the user to collect data from up to four channels simultaneously at 
fast scan rates (400 V/s, 10 Hz).   Furthermore, ESAT gives the user complete control of the 
collected data and provides the user with the ability to observe the data through interactive 
displays. Future improvements to ESAT may include the ability to perform principal 
component regression on the data to filter out unwanted components of the data that was 
collected.  Another upgrade may include the ability to perform more rigorous signal 
processing.  The current version does provide some ability to filter the data using the 
―smooth‖ command in Matlab, however a filtering toolkit may prove to be a useful 
compliment to the current filtering options currently available on ESAT.   
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2.5.3 Limitations of this study 
2.5.3.1 The multichannel voltammetry system and slow computers 
 The processor speed of the computer interfacing with this multichannel system and the 
amount of RAM must be carefully considered.  While the speed of the computer does not 
hinder the speed of the potentiostat, a slow computer can create problems during the 
collection and analysis of data.  Both LabVIEW and Matlab are required to collect and 
analyse the data and therefore, the computer must have a minimum of 2GB of memory and 
 
 
Figure 2.11 Simultaneous recording from a multisite array 
The ability to record simultaneously from a multisite array is now possible.  An IB electrode array 
was recorded from simultaneously using FCV (-0.4 to .9V; 300 V/s) and the response of the 
electrode to a large bolus of DA was measured.  The combination of the multichannel hardware, 
software to interface with the hardware and analyze the data, and a multisite array with precise 
distance between recording sites can provide much insight into the spatial heterogeneity of 
monoamine within small regions of the brain.   
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processor running at least 2 GHz. Furthermore, since the data are written to RAM, the time of 
the experiment depends on the amount of free system memory available at the time of 
acquisition.    For the experiments conducted in this study, a computer with an Intel Core 2 
Quad processor running at 2.4 GHz and 4 GB of RAM were used.    This ensured that not 
only were we able to record from four sites simultaneously but the data file could be loaded 
in and out of memory quickly. 
 
2.5.3.2 Loss of carbon from the recording sites of the array 
 A major problem was that the recording sites did not retain the thin film of carbon 
deposited regardless of the deposition technique.  In fact, in several cases the entire carbon 
film came off during initial testing of the array preventing initial testing of the array.  For the 
initial EB deposition of carbon, the carbon was applied directly to the platinum recording site.  
When the loss of carbon was identified, an adhesion layer was attempted for the IB 
deposition.  However, this did not improve retention of the carbon film.  It was noticed that 
carbon applied to the alumina surface was retained.  Therefore, either carbon needs to be used 
for the entire electrode (conducting lines and bonding pads), which would be very expensive, 
or a metal must be found to substitute for platinum that can maintain good adherence with the 
carbon.   
 
2.5.4 Effect of different carbon depositions on the amount of adsorption 
 Both the sensitivity and temporal response of a microelectrode are dependent upon the 
adsorption of monoamines on the carbon surface (Bath et al., 2000).  It is therefore of 
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importance to understand the effect of different carbon deposition on the amount of 
adsorption at the recording site.  Increasing adsorption causes an increase in the sensitivity 
and of the electrode and a decrease in the temporal response of the electrode.  These two 
 
 
 
Figure 2.12: Loss of carbon from the recording sites of the array 
SEM of a IB multisite array.  The recording site of this array did not have carbon on the recording site 
exposing the platinum.  However, the carbon was still available on the edge of the recording site.  
Chemical composition was confirmed by mass spectroscopy.   
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effects are due to two different mechanisms.  First, the monoamines are adsorbing to the 
oxides on the surface of the electrode.  Therefore increasing the number of oxides on the 
surface of the electrode increases adsorption, thereby increasing the sensitivity. Second, the 
kinetic rate of adsorption is slower than the kinetic rate of the oxidation of the monoamine 
(McCreery et al., 1991; Laviron, 1995; Bath et al., 2000).  Therefore, the greater amount of 
adsorption of the monaimine to the surface before oxidizing, the slower the temporal 
response of the electrode will be. 
 Therefore, it can be deducted that EB deposition of carbon increases the adsorption of 
the monoamine because of the greater sensitivity of the recording sites compared to IB 
deposition.  Furthermore, the increase in adsorption of the EB electrodes further verifies that 
EB deposition of carbon produces a rougher surface than IB deposition of carbon.  It has been 
demonstrated that polishing a carbon electrode causes step edges, which will increase the 
surface roughness of the electrode and are favorable for adsorption (Niemantsverdriet, 1995; 
Bath et al., 2000).   
 The faster response time of the recording sites with IB deposition, and the lower 
sensitivity of recording sites treated with this method, indicates that IB deposition has the 
opposite effect.  To compensate for the decrease in adsorption, an IB recording site could be 
made with an increased surface area.  This increase in surface area would offset the loss of 
sensitivity due to reduced adsorption while still allowing the electrode to have a fast response 
time.    
 
2.6 Conclusion 
 This Chapter presented a multichannel voltammetry system that is capable of recording 
simultaneously from up to four channels while still operating under stable conditions with a 
high enough bandwidth so the output signal is not attenuated in any way.  The software 
developed to interface with this new voltammetry system provides the ability to record and 
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analyze the data collected by the voltammetry system.  Furthermore, using thin film 
technology and different deposition of carbon, a precisely spaced multi-site electrode can be 
tailored to the specific need of the experiment.  For experiments requiring high sensitivity, 
the recording site should be small and rough. For experiments requiring a high temporal 
resolution in the change of concentration, the recording site should be larger and smooth.  
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CHAPTER 3: Using voltammetry to determine if stimulus induced release of NE, via 
electrical stimulation of the LC, can be detected in the primary somatosensory cortex of 
the rat 
 
Hypothesis: FSCV can be used to study the release and uptake of NE in the primary SI cortex with 
high spatial and temporal resolution 
 
 
3.1 INTRODUCTION 
3.1.1 Impact of NE on sensory processing 
 In mammals the pontine nucleus locus coeruleus (LC) is the source of a diffuse 
network of NE-containing axons that project to multiple regions of the CNS including the 
forebrain, cerebellum, brainstem and spinal cord.  Because of its broad efferent projection, 
the LC-NE system has been implicated in a variety of global functions including 
sleep/arousal, learning/memory, attention, sensory perception, and cognition (see Reviews-
Foote et al, 1983; Berridge and Waterhouse, 2003).  Furthermore, the LC-NE system has 
been shown to have an effect on putative transmitter agents such as glutamate and GABA 
(Moises et al., 1979; Waterhouse et al., 1980; 1991).  The unique architecture of this system, 
namely a widespread distribution of fibers from a relatively small number of neurons, has 
prompted speculation that the LC exerts a global influence on brain function via synaptic 
release of NE.  
 Because of its global influence, it was suspected that NE would alter the 
responsiveness of sensory neurons to sensory stimuli.  Many investigations have 
demonstrated a facilitating effect of NE or LC activation on single neuron responses to 
afferent synaptic inputs (Moises et al., 1981; 1983; Waterhouse, et al., 1998; Waterhouse and 
Woodward, 1980; Woodward et al., 1979; Devilbiss and Waterhouse, 2000; 2004).  These 
effects have produced changes in both latency and magnitude of inhibitory and excitatory 
evoked responses (Waterhouse et al., 1991).  Taken together these data suggest that release of 
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endogenous NE in sensory relay circuits leads to a net facilitation of signal transmission 
through sensory networks and, ultimately, enhancement of stimulus detection.  Since the rat 
primary somatosensory cortex (SI) is densely innervated by the LC efferent pathway 
(Simpson et al., 2006), there are many advantages for investigating the impact of the LC 
system on individual cellular operations and neural network function. By measuring the 
release and uptake of NE in the SI after stimulating the LC we can begin to understand the 
impact NE has on these sensory networks.  However, this requires a method such as 
voltammetry that has sufficient temporal resolution to measure the stimulus-evoked change in 
extracellular concentration of NE. 
 
3.1.2 Role of methylphenidate on NE 
 The psycostimulant methylphenidate (MPH) has been clinically prescribed for the 
treatment of ADHD in a majority of cases (approx. 70%) (Greenhill, 2000; Swanson and 
Volkow, 2002).  MPH is an uptake blocker of catecholamines, including NE (Kucenski and 
Segal, 2001), and its impact on the NE system has been the subject of study using 
microdialysis in multiple areas of the brain.  Several studies have shown that MPH increases 
the extracellular level of NE in the prefrontal cortex and hippocampus (Bymaster et al. 2002; 
Kucenski and Segal 2001), and recently the impact of MPH on NE in primary sensory 
cortical regions was studied.  Drouin and colleagues used microdialysis to quantify the effect 
of MPH on basal levels of extracellular NE and showed that MPH increases the extracellular 
levels of NE at clinically relevant doses for up to three hours after administration.  In the 
same study, MPH increased the basal firing and altered the sensory responsiveness of single 
cells in the SI, suggesting that by increasing the basal levels of NE, MPH can impact the 
responsiveness of these cells.  While this study demonstrated the expected effect of MPH on 
the basal concentration of NE in the SI, microdialysis does not have the required temporal 
resolution to examine the effect of MPH on stimulus-evoked release of NE.  It has been 
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shown that the release and uptake of NE occurs on a timescale of milliseconds.  Mitchel et al 
(1994) showed the amount of NE released in the anterior thalamus and cingulate cortex after 
stimulation of the dorsal tegmental fibers is cleared on a seconds timescale.  A similar 
timescale fore release and uptake of NE was demonstrated in the dentate gyrus of a mouse 
(Yavich et al., 2005).  Since microdialysis samples are taken on the order of minutes, it is 
necessary to have a method such as voltammetry that can record the release and uptake of NE 
on second timescale.   
 
3.1.3 Using voltammetry to study the in-vivo dynamics of NE  
 Voltammetry, specifically fast cyclic voltammetry (FCV), has long been used as a 
valuable tool to measure the sub-second changes in the extracellular concentration of 
neurotransmitter in-vivo (Ewing et al., 1983; Ewing et al., 1984; Kuhr and Wightman, 1986; 
Adams, 1990; Mitchell et al., 1994; Peters and Michael, 2000).  Much attention has been 
focused on studying the dynamics of DA release in basal ganglia in response to high 
frequency stimulation of the medial forebrain bundle (MFB) (Stamford et al., 1984; Michael 
et al., 1985; Wightman et al., 1988; Young and Michael, 1993).  High frequency stimulation 
creates an overflow of the neurotransmitter of interest in the target nuclei of the MFB, 
allowing one to measure the release and uptake of endogenous neurotransmitter rather than 
having to introduce it exogenously via pressure injection or iontophroesis.       
 An additional advantage to using high frequency stimulation to generate overflow 
conditions is to study the effect of drugs that block the uptake of neurotransmitters (Millar et 
al., 1985) such a MPH discussed above.  The two parameters that are studied, first described 
by Wightman and colleagues (1988), are the maximal rate of clearance, VMAX, and the 
amount of neurotransmitter released per stimulation pulse.  The effect on the release and 
uptake of DA by the dopaminergic uptake blocker cocaine has been studied in the caudate 
nucleus, striatum and nucleus accumbens (Jones et al., 1995; Wu et al., 2001a, Wu et al., 
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2001b) and showed that cocaine did not have an effect on the release and uptake of DA, but 
rather cocaine increased the binding affinity of DA, described by the Michaelis-Menten 
constant Km. These studies provided valuable insight to the pharmacological effects of 
cocaine on DA in multiple brain regions.  However, as stated in the Chapter 2, the selectivity 
of voltammetry can be lacking.  Therefore, it is necessary to take certain measures to ensure 
that the oxidation current that is being recorded is in fact due to the molecule of interest (see 
Chapter 2, section 2.2.2)  
While less work has been done in the NE system, voltammetry has been shown to be 
useful to measure the endogenous release of NE.  The evoked release of NE has been 
measured in-vivo using voltammetry within the paraventricular hypothalamic nucleus 
(Suaud-Chagny et al., 1990), the anteroventral thalamic nucleus (Brun et al., 1993; 
Ghasemzadeh et al. 1993; Dugast et al., 2002) and the cingulated cortex (Mitchell et al, 
1994).  Despite these studies, no study has been conducted that uses voltammetry to measure 
the dynamics of NE in-vivo in a sensory region of the brain. 
 
The goal of this aim is to use the voltammetry system developed in Aim 2 to determine if 
stimulus induced release of NE, via electrical stimulation of the LC, can be detected in 
the SI of the rat in sufficient quantities to study the effect of the uptake blocker MPH on 
NE’s release and uptake.   
 
3.2 METHODS 
3.2.1 Electrophysiology study to target the LC 
 To ensure that we could properly target the LC, an acute mapping study was 
performed on 5 animals.  Male Long Evans rats (250g – 300g; Harlan, Indianapolis, Indiana) 
were anesthetized with an intraperitoneal (i.p.) injection of urethane (1300mg/kg) and placed 
in a stereotaxic frame.  The head was then tilted at a 15° angle (nose down) and a bur hole 
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was made for the Tungsten electrode over the LC.  The coordinates of the penetrations varied 
from -3.3 - -3.7 AP; 1.1 – 1.6 ML; 5.5 – 7.5 DV from the intersection of midline and lambda.  
After the bur hole above the LC was drilled and the dura was carefully removed, a Tungsten 
electrode (FHC, Bowdoin, ME) with an impedance of approximately 2 MΩ was lowered and 
the electrophysiological data was recorded.  A minimum of 3 penetrations was performed on 
each animal and LC cells were verified by their slow, spontaneous discharge rate (0.5 – 3 
Hz), wide action potentials (1-2 ms) and response to toe and tail pinch (Berridge and 
Waterhouse, 2003).  The stereotaxic coordinates where LC neurons were identified were 
noted and used when inserting the stimulating electrode.  After each experiment, animals 
were perfused through the heart and the electrode placement was verified through histology 
(see section 3.2.2.6).    
 
3.2.2 Voltammetry Study 
3.2.2.1 Carbon fiber microelectrode fabrication 
 Since the levels of NE in the SI using voltammetry were unknown, highly sensitive 
carbon fibers were used to quantify the amount of NE in the SI after electrical stimulation of 
the LC.  T600 carbon fibers were threaded through a glass capillary and pulled to a fine tip 
using a micropipette puller.  The protruding carbon fibers were cut to a length of 250-350 µm 
with a scalpel.  Electrodes were pretreated by applying a triangle wave from -0.4 to 1.4 and 
then back to -0.4 at a rate of 400 V/s followed by a square pulse of 2 V.  This entire 
waveform was applied three times a second for thirty seconds.  The pretreated electrodes 
were then placed in a flow cell and calibrated for NE.  After every in-vivo experiment, 
electrodes were post calibrated for NE and the post calibration sensitivity was used to convert 
the recorded current to extracellular concentration.   
 
3.2.2.2 Electrochemical methods 
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 Fast-scan cyclic voltammetry was performed using a three electrode, computer-
controlled potentiostat that was built in house and described in Aim 2.  The voltage was held 
constant at -0.4V vs a Ag/AgCl reference electrode and ramped linearly to +1.4 V at a rate of 
400 V/s and brought back to -0.4V.  This voltammetry sweep was repeated ten times a 
second.  For all experiments in this study, raw data were collected at the analog output of the 
current amp and digitized at 1.25 Mb/s.  A timing relay was designed and constructed in our 
lab to ensure that the stimulation pulse being delivered to the LC did not overlap with the 
voltage sweep.  To accomplish this, the computer that controlled the potentiostat also 
controlled the timing relay.  A constant current stimulator was used to deliver electrical 
stimulation to the LC and was triggered by the computer controlled timing relay.   
 
3.2.2.3 Chemicals used 
For both pre and post calibrations, electrodes were in placed in a flow cell apparatus 
and immersed in .1M phosphate-buffered saline (PBS) solution containing NaCl 9 g/L; 
Na2HPO4 • 7H2O 20.98 g/l; NaH2PO4 • H2O 2.48 g/l and titrated to a pH of 7.4 using .1N 
HCl or 5N NaOH.  Both NE and DOPAC were dissolved in the .1M PBS solution and titrated 
to a pH of 7.4.  MPH (Sigma) was dissolved in 1ml of sterile saline (%0.9) at a concentration 
of 5 mg/ml and administered intraperiotoneally at 1 ml/kg.   
 
3.2.2.4 Animal preparation 
 A total of 11 rats were used to identify stimulation parameters.  Of these, NE was 
observed in 3 of the rats.  Data from these 3 rats were used to assess stimulation parameters.  
To study the effect of MPH on NE in the SI, a total of 5 animals were used in this experiment 
and NE was recorded from a total of 3 animals.  Only data from these 3 rats were used to 
analyze the release and uptake of NE pre and post administration of MPH.   
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 Animals were anesthetized with an intraperitoneal injection of urethane (1300mg/kg) 
and placed in a stereotaxic frame.  With the skull in a level surgical plane, bur holes were 
made for the recording electrode over the SI (AP: -3.5; ML: 5.0 from bregma) and for the 
reference and counter electrodes (AP: +1.0 to +2.0; ML: ±1.0 to 2.0).  The head was then 
tilted at a 15° angle (nose down) and another bur hole was made for the stimulating electrode 
over the coordinates for the LC determined by the acute mapping study done in the previous 
section (AP:-3.65; ML: 1.2 from the intersection of midline and lambda).  The reference and 
counter electrodes were cemented in place (Durelon, Norristown, PA).  The stereotaxic arm 
that held the recording electrode was then tilted at a 15° angle to ensure that the insertion of 
the recording electrode was perpendicular to bregma.  The dura was then removed and the 
recording electrode was lowered .8 to 1 mm with respect to the surface of the brain.  With the 
recording electrode in place, the stimulating electrode was lowered to an initial depth of 5.5 
mm with respect to the surface of the brain.  Stimulations began at this depth and the 
stimulating electrode was continually lowered at 100 um intervals until the maximum amount 
of NE was observed at the recording electrode.  Stimulations consisted of 60 Hz, biphasic 
square pulses with a 2 second duration and 275 µA for a maximum duration of 10 seconds.  
Prior to the detection of NE, a 5 min rest period was observed between stimulations.   When 
NE was first detected, rest period was increased to 15 minutes in order for the LC-NE system 
to recovery from the stimulation.  The electrode was then lowered using smaller increments 
(~25 um intervals) until a peak in the NE release was identified.  The electrode was not 
moved for the duration of the experiment.  
 
3.2.2.5 Raw data acquisition  
 To assess the stimulation parameters required to evoke sufficient NE to detect with 
voltammetry, the following protocol was followed.  For each frequency and stimulus duration 
tested, FCV (10 scans per second at 400 V/s) was used to measure the concentration of NE 
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for 30 seconds, which constituted a single data set.  This 30 second period was broken down 
into three distinct parts.  The first 10 second consisted of background data collection (100 
scans), followed by 5 seconds of data collection during which the LC was stimulated (50 
scans) and finally 15 seconds of data collection that was used to assess the uptake of NE (150 
scans).     
 
3.2.2.6 Histological verification of stimulating electrode 
 Following the experiment, animals were given a euthanizing dose of urethane and 
perfusion through the heart.  Tissue was imbedded and sliced at 40 µm increments.  Nissl 
staining was used to confirm placement of the stimulating electrode in LC.  
 
3.2.3 Data Analysis 
3.2.3.1 Identifying NE oxidation current vs time  
In order to calculate the release and uptake of NE from the FCV data sets, the first 
step of the analysis consisted of identifying the voltage that corresponded with the peak of the 
oxidation current.  As explained above (section 3.2.2.5) each data set consisted of 30 seconds 
of data; 10 sec of background, 10 sec of stimulation, and 10 sec of rest.  Therefore, the entire 
data set consisted of 300 scans (10 scans a second for 30 seconds) and the first 100 scans 
were designated as background.  These 100 background scans were averaged to form a mean 
background scan.  This mean background scan was subtracted from each individual scan in 
the entire data set and plotted in order to visually identify the scans at which the peak 
oxidation occurred.  From these peak oxidation scans, the voltage at which the oxidation 
current of NE was maximal was picked out.  The oxidation current at this voltage was 
converted to concentration using the post-calibration curve and the resulting concentration 
was plotted as a function of time. Data from the concentration as a function of time was then 
filtered using the ‗moving‘ command in Matlab for an interval of 30 data points which returns 
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a moving average of the data for a specific interval.  All data were filtered using this method 
for the same 30 data point interval.  From this filtered concentration vs. time plot, the release, 
uptake, maximum concentration and the time it took for the maximum concentration of NE to 
be recorded was calculated.  
 
3.2.3.2 Calculating the release and uptake of NE 
 The release and uptake of NE were calculated using parameters first derived by 
Wightman (1988) for DA.  For convenience, these equations are reproduced here and NE is 
substituted for DA and is expressed as follows 
where d[NE]EC/dt is the change of the [NE]EC over time.  This change is described as a 
balance of the amount of NE released (d[NE]EC/dt)release and the uptake of NE 
(d[NE]EC/dt)uptake due to the NE uptake transporter (NET).   
 To quantify the amount of NE release during stimulation of the LC, it was assumed 
that (d[NE]EC/dt)release is due only to evoked stimulation of the LC, resulting in an 
instantaneous change in the [NE]EC for every stimulation pulse delivered.   Therefore, 
(d[NE]EC/dt)release was be expressed as follows: 
where [NE]p is the amount of NE released by one stimulation pulse and f is the frequency of 
stimulation.   
 In order to understand the rate of uptake, the assumption is made that uptake follows 
Michaelis-Menten kinetics and is given by: 
        (3.2) 
Adapted from Wightman et al., 1988   
           (3.3) 
Adapted from Wightman et al., 1988   
 
   (3.1) 
Adapted from Wightman et al., 1988   
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where Vmax is the maximal rate of uptake of the NET and KM is the Michaelis-Menten 
constant that is related to the binding affinity of NE to the NET.   
For the purpose of this study the method of single curve analysis from Wu et al. 
(2001b) was used to calculate the values for [NE]p and Vmax. In brief, and restated from Wu et 
al., (2001b), this method allows [NE]p and Vmax to be calculated using a single curve, or a 
single plot of the change in concentration  vs. time.  The uptake of NE, Vmax, is calculated 
from the linear regression of the current vs. time plot post stimulation.  At an overflow 
condition, [NE]EC >> KM reducing equation 3 to  
 
 After VMAX has been calculated, the release term [NE]p is calculated during the period 
of evoked stimulation of the LC from the same current vs time plot that Vmax was calculated 
from.  After substituting equations 3.2 and 3.4 into equation 3.1 and solving for [NE]p, the 
release term becomes 
where (d[NE]EC/dt)stim is the linear increase of the current vs time plot during electrical 
stimulation of the LC.   
For each dataset, [NE]p and Vmax were calculated and used to assess the release and 
uptake of NE in response to stimulation of the LC. 
 
3.2.3.3 Comparing the recorded dynamics of NE pre and post MPH 
     (3.5) 
Adapted from Wightman et al., 1988   
                  (3.4) 
Adapted from Wightman et al., 1988   
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 To determine if the effect of MPH on NE in the SI could be assessed using FCV, the 
[NE]p and Vmax values pre administration were compared to the calculated values post 
administration.   Both the values of NEp and Vmax were normalized to the average of the 
values pre administration of MPH (t=0).  The percent change of the NEp and Vmax for each 
value post MPH was compared to the pre-administration of MPH.  Unless otherwise stated, 
all analysis was done using a One-Way ANOVA.  For an ANOVA with a significance level 
of p < 0.05, Dunnett‘s post-hoc test was used to assess the difference across time after the 
administration of MPH also using a p<0.05 for significance. 
 
3.3 RESULTS 
3.3.1 Electrophysiological targeting of the LC 
 To gain the ability to consistently target the LC, an acute mapping study of the LC 
was performed on 5 animals.  The mapping study consisted of multiple penetrations of a 
Tungsten electrode in and around the area of the LC.  The electrophysiological characteristics  
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of the cells recorded gave an initial indication of the location of the electrode.  This position 
was later verified with histology.  As can be seen in Figure 3.1, the LC was successfully 
targeted and the proper coordinates for consistently targeting the LC were used in the 
subsequent voltammetry study.  These coordinates were histologically verified on each rat.  
The coordinates chosen were -3.65 AP; 1.2 ML; 5.8 DV which were the coordinates that 
consistently produced LC cells.    
 
3.3.2 Voltammetry study on the in-vivo dynamics of NE in the SI  
3.3.2.1 Stimulation of the LC to observe NE release   
 To determine if voltammetry could be used to detect the evoked release of NE, the 
duration and the frequency of the stimulus applied to the LC were varied.  Initially, the 
 
Figure 3.1: Histological verification of the acute mapping study 
The electrophysiological characteristics of cells recorded with the first penetration, labeled A, were not the 
same as LC cells.  The Tungsten recording electrode was then moved 100 µm laterally.  The cells recorded 
with the second penetration, labeled B, did have the same electrophysiological characteristics as LC cells.  
The position of the recording electrode in the LC was verified through the histology and can be seen in the 
figure above.  For the third penetration, labeled C, the electrode was moved to a position further lateral to 
have a better understanding of the electrophysiological characteristics of cells surrounding the LC. 
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duration of the stimulation was 10s.  However, it was observed that NE release stopped after 
approximately 4-5 seconds despite the continued stimulation.  Therefore, stimulation duration 
was reduced to 5 seconds for all subsequent experiments.  This stimulus duration was also 
used by Yavich et al. (2005) to record NE the stimulus-evoked release of NE (Yavich et al., 
2005).  
 To determine if NE could be measured in the SI after LC stimulation, we initially 
stimulated with a relatively high stimulation frequency, 60 Hz, that has been used in other 
voltammetry studies of NE release and uptake in other regions of the brain (Mitchell et al., 
1994).  This stimulation frequency, applied for 5 second was sufficient to consistently release 
measureable amounts of NE.  The maximum recorded levels of NE after the stimulus ranged 
from 0.1 µM to .2 µM across three animals.  This is considerably less than that observed by 
Mitchell et al. (1994) in the cingulated cortex (0.7 um) and anterior thalamus (5 um).  
However, the peak concentration of NE recorded in this study is very similar to the amount 
recorded in anteroventral thalamic nucleus (Dugast et al., 2002).  The peak concentration 
seen by Dugast and colleagues was 0.15 µM which is similar to the concentrations recorded 
in the SI cortex in this study.    
 We next attempted to identify the lowest stimulation frequency that would produce a 
measureable amount of NE (Figure 3.2).  Dugast et al. (2002) was able to record evoked NE 
release using a 40 Hz stimulation of the dorsal tegmental bundle, but Mitchell et al. (1994) 
was unable to record NE in the cingulated cortex at stimulation rates below 60Hz.  I was 
unable to record NE at stimulation frequencies less than 60 Hz (Figure 3.2 C).   While this 
frequency of stimulation is much higher than the physiological firing of the LC (0.5- 5 Hz), 
recording the evoked release of NE allows assessment of the effects of uptake blockers such 
as MPH on the stimulus evoked release and uptake of NE in the SI.  (see Section 3.4.2). 
 
3.3.2.2 Verification of NE  
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 One of the limitations of in-vivo voltammetry is the inability of this method to 
specifically oxidize a single species.  This can present a problem in identifying the specific 
species that contributes to the recorded oxidation current.  Therefore, in order to ensure that 
we were primarily oxidizing NE, the following steps were taken.  First, we recorded in the SI 
cortex, which does not contain DA, a species known to oxidize at a potential similar to NE.  
Previous studies that examined NE in areas that also had DA innervations were required to 
account for this confounding issue (Yavich et al., 2005).  Second, we verified that we were 
stimulating in the LC.  Nissl stained sections across the LC clearly demonstrate that our 
stimulating electrode was in the LC (Figure 3.3).  
 
 
Figure 3.2: Histological verification of stimulating electrode 
The location of the stimulating electrode was histologically verified using Nissl staining.  As can 
be seen in the figure above, the stimulating electrode was in fact located in the LC verifying the 
stimulation of the LC and subsequent release of NE. 
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Figure 3.3 Effect of stimulus duration and frequency on evoked NE release 
 The effect of stimulus duration and frequency were examined to find the stimulus duration and minimum 
stimulus frequency required to observe consistent NE release. The amount of NE release recorded during a 
stimulus duration of 10 seconds A was very similar to the stimulus duration of 5 seconds B.  Data shown for 
figures A and B were from the same rat using the same electrode.  Red arrows in both figures denote periods 
of stimulation.  C The minimum frequency needed to record NE release was recorded as 60 Hz.  The other 
frequencies tested did not produce recordable levels of NE.  Black arrows indicate duration of stimulation for 
all frequencies tested.  Data shown here is from the same rat and same electrode for all frequencies tested.   
 
A 
B 
C 
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Finally, the background-subtracted CVs of NE recorded in-vivo were examined.  In 
examining the CVs, we first documented that the CVs recorded in-vivo were similar to the 
CVs recorded in-vitro post-calibration in order to verify that the peak oxidation current 
measured was due to the oxidation of NE.  In fact, the oxidation potential at which NE was 
oxidized on post-calibration CVs was almost identical to the potential recorded in-vivo 
(Figure 3.4).  Since the post-calibration set-up includes only NE dissolved in PBS and the in-
vivo CVs matched the post-calibration CVs the oxidation current recorded is primarily due to 
the oxidation of NE.  Second, it has been shown that DOPAC, a ubiquitous metabolite of NE 
and DA, can interfere with the ability to record the oxidation current of NE.  To ensure that 
DOPAC was not making a substantial contribution to the oxidation current measured, the CV 
recorded in-vivo was compared to CVs collected during a post-calibration with a mixture of 1 
um NE and 10 µM DOPAC.  As illustrated in Figure 3.4, the CV containing DOPAC showed 
an oxidation peak at a potential much higher than that of the oxidation peak of a CV recorded 
 
 
Figure 3.4: Comparison of background-subtracted CVs 
The background-subtracted CVs of what was recorded in-vivo was compared to the background-
subtracted CVs of species done in-vitro.  The oxidation voltage of what was seen in-vivo A was almost 
identical to the post calibration of the electrode of just NE B.  However, the in-vivo CV differed in both 
the voltage where peak oxidation occurred and shape from a CV of just DOPAC C and a mix of NE and 
DOPAC at a 1:10 ratio D.   
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in-vivo.  This result suggests that there was minimal interference by DOPAC in the in-vivo 
recordings.  The anatomical specificity of the SI, verification of the placement of the 
stimulating electrode along with examination of the shape of the in-vivo CVs all support that 
the signal that was recorded from the SI was NE (Mardsen et al., 1988; Robinson et al., 
2003). 
 
3.3.2.3 Effect of MPH on NE in the SI  
To determine whether FCV could be used to assess the effects of MPH on the release 
and uptake of MPH in the SI cortex, we assessed the effect of MPH on the concentration of 
NE recorded from the SI cortex. The time of the pharmacological response of the signal 
recorded after the administration of MPH was consistent with the pharmacological actions of 
MPH.  Moreover, these studies suggested novel finding of the effect of MPH on the release 
and uptake of NE in the SI. 
Prior to administering MPH, NE was recorded in the rat SI after high frequency 
(60Hz) electrical stimulation of the LC (n = 3 rats).  The concentration of NE was recorded 
and the release (NEp) and uptake (Vmax) of NE were measured (refer to Methods).  Release 
was calculated as the difference between the slope of the rising phase of the concentration 
response and uptake divided by the frequency of stimulation.  Uptake was measured as the 
linear regression of the current response after stimulation had completed until the current 
response has reached a steady baseline value.  Normalized values of Vmax and NEp post 
administration of MPH were compared to the normalized values before administration of 
MPH (One way ANOVA; * , p < 0.05, Dunnett post hoc test, p < 0.05).  At 105 minutes post 
administration of MPH, the uptake and release were at the lowest levels compared to the 
normalized mean of the release and uptake pre administration of MPH.  The release 
decreased sooner than the uptake and recovered faster.  The decrease in the release of NE was 
significant after 30 minutes and continued to be significantly less than the normalized pre-
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MPH value until 135 minutes post MPH.  At 180 minutes post MPH, the release returned to 
86% (+/- 17%, SEM) of the pre MPH value.  Uptake also decreased, but the percent decrease 
did not become significant until 45 minutes post MPH.  The decrease in the uptake remained 
significant until 150 minutes post MPH administration.  The uptake returned to 72% (+/- 
15%, SEM) after 180 minutes.  (Figure 3.5) 
Of particular interest to note is that the maximum value of concentration (Cm) did not 
significantly differ post MPH administration from pre MPH (Figure 3.5 A).  While there was 
an initial decrease in the Cm values 15 minutes post MPH, the values for Cm remained fairly 
consistent throughout the rest of the stimulations.  However, the time that was needed to 
reach a maximum value (Tm) did change.  This increase in Tm began 30 minutes post MPH 
administration and did not return to baseline values until 120 minutes post MPH 
administration which is similar to the time course of when the NEp post MPH was 
significantly less than the pre MPH values (Figure 3.5).  This means that despite the lower 
values of NE that were released per pulse, the time to reach a maximum value of the 
concentration increased explaining the relatively consistent values of the Cm for each animal 
(Figure 3.6 A).   
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Figure 3.5: Effect of MPH on NE in the SI: 
Prior to administering MPH, NE was recorded in the rat SI after high frequency electrical stimulation of the 
LC (n = 3).  Stimulation consisted of a biphasic, 275 µA pulse with 2.5 ms phase at 60Hz for 5 seconds. 
MPH was administered IP at 5 mg/kg.  Every 15 minutes post injection, the LC was stimulated for 5 
seconds with the same stimulation parameters listed above.  The oxidation current of NE was recorded and 
the release (NEp) and uptake (Vmax) of NE was measured.  Release was calculated as the slope of the rising 
phase of the current response plus uptake divided by the number of electrical pulses in the duration of the 
rising phase of the current response.  Uptake was measured as the linear regression of the current response 
after stimulation had completed until the current response has reached a steady baseline value.  Normalized 
values of Vmax and NEp post administration of MPH were compared to the values before administration of 
MPH (One way ANOVA; Dunnett‘s test * , p < 0.05; †, p < 0.1).  The time course of the effect of MPH on 
NEp and Vmax can be seen in Figure A.  At 105 minutes post administration of MPH, the Vmax and NEp were 
at the lowest compared to pre administration of MPH.  The NEp decreases sooner than the Vmax and recovers 
faster than Vmax.  Figures B-D are a single response from the same animal at time is equal to 0, 105 minutes 
post MPH and 165 minutes post MPH respectively.  Red arrows indicated onset an end of electrical 
stimulation.  The background subtracted CV at the end of the stimulation duration is shown in the inset of 
each figure.  Dotted line denotes the recorded oxidation voltage seen at each background CV at .7 volts.   
 
† 
† 
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Figure 3.6 CM and TM versus time: 
A The percent change in the maximum concentration recorded, CM, did not change (p=0.3, One-way ANOVA). The values for Cm are the average for three rats 
with at each time point.  B The time for the concentration to reach a maximum value TM did change for points post MPH (p=0.008, One-way ANOVA).  
However, only at 45 minutes post MPH was the change considered significant (p=0.07).  This is a similar time course that was observed with the decline in 
release and correlates with the minimal change in the CM despite the decrease in the release.  
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3.4 DISCUSSION 
 This study assessed the ability to use voltammetry to record the dynamics of the 
release and uptake of NE in the SI cortex in response to electrical stimulation of the LC.  We 
first ensured that we could target the LC with a stimulating microelectrode by performing an 
acute mapping study of the LC.  Next, the stimulation parameters necessary to measure 
consistent release were determined to be 60 Hz stimulation for 5 seconds.  Moreover, we 
determined that the oxidation current recorded was due to the oxidation of NE by matching 
the in-vivo and in-vitro voltammagrams, ensuring minimal interference from other oxidisable 
species and histological verification of the stimulating electrode.  Our data demonstrate that it 
is possible to record the release and uptake of NE and that the release and uptake of NE in the 
SI cortex is similar to the release and uptake measured from the upper cingulated cortex.  
Finally, we demonstrated that voltammetry can be used to study the effects of MPH on the 
release and uptake of NE in the SI cortex and the MPH alters both the release and uptake of 
NE.  Therefore, voltammetry is a valuable tool to study the dynamics of NE release and 
uptake and their modulation by uptake inhibitors. 
 
3.4.1 Recording NE in the SI 
Knowledge of the release and reuptake of NE in the SI is critically important for our 
understanding of how sensory information is encoding by these cortical regions because NE 
has been shown to alter the neuronal responsiveness of cells to sensory stimuli.  Furthermore, 
neurological disorders that are known to have disruptions in the regulation of NE have 
sensory deficits including ADHD, schizophrenia and depression.  To our knowledge, there 
has not been a study of the dynamics of sub second release and uptake of NE in a sensory 
cortical area. The LC-NE system has been implicated in a variety of global functions 
including sleep/arousal, learning/memory, attention, sensory perception and cognition (see 
Reviews-Foote et al, 1983; Berridge and Waterhouse, 2003) and because of this, the only 
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studies that have recorded NE with voltammetry have concentrated on the frontal cortex, 
anterior thalamus or dentate gyrus.  However, the impact of NE on neuronal activity in the SI 
has been studied.  An in depth analysis of the net facilitating effect of NE on synaptic 
transmission was carried out in rat SI by Waterhouse and colleagues (Waterhouse et al., 
1980; 1982; 1991; Waterhouse and Woodward, 1980).  This study characterized the nature of 
the noradrenergic action on levels of iontophoretically released NE.  Minimal or no effect on 
spontaneous discharge was determined with this method, but it was reported that stimulus 
evoked patterns of cortical cell discharge were increased well above control levels during 
iontophoretic application of NE (Waterhouse et al., 1980; Waterhouse and Woodward, 1980).  
Since the firing rate of cells is on a millisecond time scale and NE has been shown to have an 
impact on the firing rate of cells, it is important to determine if voltammetry can be used to 
study the sub-second release of NE in the SI cortex.   
The findings of this Study show that NE can be recorded using voltammetry after 
stimulation of the LC.   FCV was chosen to demonstrate the ability to record NE from the SI 
cortex using voltammetry as opposed to other voltametric methods (e.g. amperometry and 
chronoamperomtery) because of the ability to record the change in oxidation and reduction 
current through a broad range of voltages.  The result, a cyclic voltammagram, has been 
referred to as a ‗fingerprint‘ for the molecule of interest (Heien et al., 2003) much like HPLC 
in order to ensure that one is truly recording the molecule of interest.  There are several 
molecules that could confound our recording.  For example, DOPAC, a metabolite of NE and 
DA would expect to be increased after release of NE and would be oxidized along with NE 
during FCV.   
One of the benefits of using FCV is the ability to verify NE by comparing the in-vivo 
background subtracted voltammagram with in-vitro voltammagrams.  This tool verified that 
the signal that was being recorded was NE.  The influence of DOPAC could not be ruled out, 
however, for this study, the impact of DOPAC was considered negligible.  This conclusion is 
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supported by the fact that the background-subtracted voltammagrams of DOPAC and NE in-
vitro showed a broad peak extending to the oxidation potential of DOPAC.  The oxidation 
current at these higher oxidation potentials was negligible in the background-subtracted 
voltammagram that was recorded in-vivo.  Furthermore, the clearance of NE recorded in this 
Study occurred within 3-5 seconds which is much faster than the rate of clearance for 
DOPAC which has been shown to have a half life of 6-8 minutes in-vivo (Buda et al., 1983; 
Brun et al., 1991).  Furthermore, these results are supported by those of Yavich et al. (2005).  
In a voltammetry study in the dentate gyrus of the mouse, Yavich et al. (2005) used 
amperometry to measure the extracellular concentration of NE.  The constant current of 
amperometry might have been expected to oxidise a considerable about of DOPAC 
influencing the recorded concentration of NE.  To ensure that the oxidation potential applied 
was not oxidizing significant amounts of DOPAC, they used pargyline to verify that DOPAC 
was not influencing the oxidation current that was recorded.  Pargyline is a monoamine 
oxidase inhibitor (MAOI) that breaks down DOPAC and decreases the amount of DOPAC 
available to be oxidized in the extracellular space.  Since the recorded oxidation potential did 
not decrease after administration of pargyline, Yavich et al., (2005) determined that the 
oxidation signal that they recorded was not DOPAC.   
Verification that the signal was in fact NE was done through several measures.  First, 
there is anatomical (Simpson et al., 2006) and electrophysiological evidence that 
noradrenergic fibers innervate the SI (Devilbiss and Waterhouse, 2004; 2000; Waterhouse et 
al. 1998).  In this study, to ensure that our voltammetry probe was measuring NE, we ensured 
that the background-subtracted CV of NE recorded in-vivo was very similar to what was 
recorded in-vitro further verifying that the signal recorded was NE.  In addition, histological 
verification of the stimulating electrode confirmed that LC neurons were stimulated.  Finally, 
the pharmacological response of the signal recorded to the NE uptake blocker MPH was 
consistent with the pharmacological actions of MPH on NE verified by microdialysis 
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(Drouin, et al 2006).  These measures combined to give a high confidence that we were able 
to record NE from the SI cortex (Mardsen et al., 1988, Robinson et al., 2003). 
Now that we have determined that stimulus evoked NE can be successfully recorded from the 
SI cortex, future studies can be designed and implemented to further examine the dynamics of 
release and uptake of NE.  However, one should be mindful of the potential influence of 
DOPAC on their data and consider administering a drug such as pargyline, which decreases 
the amount of DOPAC in the extracellular space, to further examine what influence, if any, 
DOPAC may have in recording stimulus evoked NE in the SI.  
 
3.4.2 Limitations of this approach  
 The amount of NE recorded in this study was in response to high frequency electrical 
stimulation of the LC.  This study provided significant evidence that the only way to record 
stimulus evoked NE in the SI is with a stimulation frequency of at least 60 Hz.  While this 
method of high frequency stimulation provided us the ability to measure NE in the SI and 
examine the effect of MPH on the release and uptake dynamics of NE, this high frequency of 
stimulation is not in the physiological realm of firing for the LC (0.5-5 Hz).  Despite the 
difference between the physiological firing of the LC and the high frequency of stimulation 
of the LC, there still is valuable knowledge that can be attained from high frequency 
stimulation of the LC.  One of the benefits of high frequency stimulation is the ability to 
mathematically model the dynamics of release and uptake to estimate the amount of release 
and uptake that would take place under physiological conditions.  This modelling of high 
frequency conditions has been done for the both the NE and DA system (Wightman et al., 
1988; Mitchell et al., 1994; Wu et al., 2001b) and has allowed investigators the ability to 
simulate the amount of neurotransmitter available under physiological conditions.  However, 
due to undetectable levels of NE available in the extracellular space, the accuracy of such 
models has yet to be verified.   
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 Despite our limitation of not being able to record NE at physiologically relevant 
stimulations of the LC, the use of pharmacological agents have been used to record NE at 
lower, physiologically relevant frequencies (Yavich et al., 2005).  Yavich and colleagues 
demonstrated that with the administration of the α2 antagonist idozaxan, NE could be 
recorded at much lower frequencies (2-5 Hz) and under the natural stimulus of a tail pinch.  
This pharmacological manipulation of the release of NE may prove to be useful in future 
studies that are focused on recording the evoked release of NE in the SI under physiologically 
relevant frequencies.   
 
3.4.3 Using voltammetry in other areas of the brain 
Since its application to in-vivo neuroscience in the early 1970‘s, in-vivo voltammetry 
has provided significant insight into the sub second dynamics of monoaminergic 
neurotransmitters.  For this study, voltammetry was used to study in the in-vivo dynamics of 
NE in the SI in response to evoked stimulus.  Consistent with other studies that have used 
voltammetry to examine the dynamics of NE in-vivo, we were able to show that NE can be 
recorded under evoked stimulus and that the release and uptake of this evoked release of NE 
could be quantified.  The values that we calculated for the release and uptake of NE in the SI 
pre administration of MPH were similar to the values that were reported in the upper 
cingulated cortex by Mitchell et al. (1994).  For this study, the release and uptake values of 
NE were .88 nM (+/- 0.2, SEM) and 20 nMs-1 (+/- 3, SEM) (n=3), respectively compared to 
.6 nM (+/- 0.1, SEM) and 16 nMs-1 (+/- 6, SEM) (n=7) reported by Mitchell and colleagues 
(1994).  The similarity between these values recorded from cortical structure present 
significant evidence of the validity for NE values recorded in this study.  While there were 
similarities between what Mitchell et al (1994) recorded in the cingulated cortex and what 
was recorded in this study, there were differences between the amount of NE recorded in the 
SI and the amount of NE in other regions of the brain.  The highest levels of NE were 
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recorded in the anterior thalamus where the maximum concentration that was recorded was 
5µM and the release and uptake measured were much greater than what was seen in this 
study.  The release of NE was almost ten times greater than the release observed in the SI and 
the Vmax was more than ten times greater.  These differences in different locations of the brain 
demonstrate the diffuse and diverse network of NE innervations in multiple brain regions.  
 
3.4.4 Effect of MPH on NE in the SI 
Importantly, this study demonstrates that high frequency stimulation of the LC can be 
used to study the effects of clinically relevant doses of NE uptake blockers in the SI cortex. 
Microdialysis studies have investigated the effect of MPH on both NE and DA in multiple 
areas of the brain (Drouin et al., 2006; Kuczenski and Segal, 2002; Gerasimov et al., 2000).  
These microdialysis studies have shown that basal NE levels increase 20-40 minutes post 
MPH.  Due to the limit of detection of voltammetry being higher than the basal 
concentrations of NE, the basal levels of NE were not recorded after MPH administration.  
However, the time course of increases in basal concentrations of NE after MPH 
administration is similar to the time course that we observed with the stimulated release of 
NE.  The release of NE was significantly reduced after 30 minutes (p=0.042) and returns to 
baseline levels (p= 0.822) after 135 minutes.  The similarity in the time course between the 
microdialysis studies and the decrease in the stimulus-evoked release of NE can be explained 
by two possible reasons.  First, since MPH increases the basal level of NE by blocking the 
uptake, the amount of NE in the pre-synaptic vesicles is lower therefore the evoked release of 
NE goes down.  A second possibility is that since there is an increased amount of NE in the 
extracellular space, the pre-synaptic α2 receptors become activated and lower the amount of 
NE that is released.  Further studies are required to assess the contribution of these two 
mechanisms on the reduction of NE release. 
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The effect that NE uptake blockers such as desipramine, have on the NE system 
(Yavich, 2005) is contrary to the first explanation that the blocked uptake prevents the 
replenishment of NE into the pre-synaptic vesicles.  Studies have shown that desipramine 
increases the amount of stimulus evoked NE release.  However in this study, the amount of 
stimulus-evoked NE released decreased, leading to the hypothesis that MPH may have a 
direct impact on the α2 receptors as well as the uptake of NE.  This hypothesis is supported 
by behavioural evidence that showed that activation of the α2 adrenoreceptor contribute to 
cognitive-enhancing effects of MPH (Arnsten and Dudley, 2005).  In that study, the α2 
antagonist, idazoxan, was co-administered with MPH to test whether MPH enhances 
performance by facilitating endogenous stimulation of α2 receptors.  The results of the study 
found that the co-administration of idazoxan and MPH reversed the enhancing effect found 
with MPH administration alone because idozaxan prevented the α2 receptors from being 
activated.  The results from this study, in conjunction with the behavioural study done by 
Arnsten and Dudley, provide evidence suggesting the action of MPH on the α2 receptor.    
 
3.4.5 Effect of low dose administration of MPH 
It has been documented that varying doses of MPH has a wide range of effects on 
behaviour of the animal, firing rates of LC cells and the basal levels of NE both in the 
hippocampus and SI (Devilbiss and Berridge, 2006; Drouin et al., 2006; Kuczenski and 
Segal, 2002). The dose that was chosen for this study was 5 mg/kg, which is characterized as 
a moderate dose of MPH (Drouin et al., 2006).  Drouin and colleagues (2006) showed that the 
effect of a low dose of MPH (1 mg/kg) on sensory-evoked discharge of somatosensory 
cortical neurons was similar to that of a moderate dose of MPH (5 mg/kg), however the 
moderate dose of MPH triggered behavioural side effects that the low dose of MPH did not.  
In light of this, it would be particularly interesting to conduct a voltammetry study that 
characterized the dose dependency of MPH on NE in the SI. Furthermore, a study that 
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investigated the effect of different dose regimes, such as the effect of chronic vs acute 
administration of MPH would be of utmost relevance to understanding the clinical effect that 
MPH has on NE in the SI.   
 
3.5 Conclusions 
The significance of this study is twofold: first, the ability to record evoked NE in the 
SI is demonstrated and second, the effect of MPH on NE in the SI is reported.  These findings 
lay the groundwork for further studies examining the impact of stimulus-evoked NE on 
sensory processing and more importantly, the role of clinically relevant drugs such as MPH 
on NE.  These future studies should explore the undeniable correlation between MPH and the 
α2 receptors and the effect of varying doses of MPH on stimulus evoked NE in the SI.  
Finally, this study laid the groundwork to providing valuable knowledge into the workings of 
NE in sensory processing.   
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CONCLUSIONS 
Norepinephrine (NE) is implicated in several neurological and psychiatric disorders 
related to the processing of sensory information such as attention deficit hyperactivity 
disorder (ADHD), depression and schizophrenia.  It is well documented that NE alters the 
sensory responsiveness of cells in the somatosensory system and, furthermore, drugs that 
either block the reuptake of NE or enhance its release improve the clinical state of patients 
with these disorders.  Therefore, understanding the regulation of the release and uptake of NE 
is important as it will provide valuable insight into the underlying mechanism of neurological 
disorders.   
 A common way to study the clearance of monamines and the effect of drugs on 
reuptake transporters is by pressure injecting known concentration of monamines into the 
extracellular space.  An advantage of this method is that the source of monoamine is well 
defined and that data collected in response to pressure injection of monoamines can be 
compared to computational models of the diffusion and reuptake, similar to what was done in 
Chapter 1.  The method of exogenously introducing the monoamine into the extracellular 
space  and comparing this data to a model that simulate diffusion with a constant uptake 
allowed the heterogeneity of the clearance of NE in the SI to be identified.   
However, the disadvantage to using pressure injection of monoamines to study the 
clearance is that the exogenous release is from a point source and, therefore, does not match 
the effects of endogenous release. Another approach is to insert a stimulating electrode into 
the nucleus containing the cell bodies of the monoamine of interest (e.g. locus coerulus for 
NE) producing endogenous release of monoamines which can be measured in the brain 
region of interest (e.g SI cortex) using a voltammetry probe similar to what was done in 
Chapter 3.  The advantage of this approach is it allows the study of the endogenous release of 
NE which will provide insights into the dynamics of NE release and uptake.  The results of 
this Chapter demonstrate that endogenous NE can be recorded in the SI with high frequency 
92 
 
stimulation (60 Hz) for short durations (5 seconds).  Furthermore, the approach allowed us to 
demonstrate that the impact of methylphenidate on NE in the SI may be more than just an 
uptake blocker.   
Finally, the technologies developed in Chapter 2 allow for recording from multiple 
channels simultaneously.  Since biological systems are non-stationary, it is important to 
record simultaneously in order to identify the heterogeneity in the release and uptake of 
neurotransmitters in-vivo.  This approach will enhance understanding of how monoamines 
are regulated in the brain within small regions.  Of course, this approach can also be used to 
assess difference in the endogenous release and uptake of monamines across different target 
nuclei, for example sensory cortex and corresponding sensory regions of the thalamus.  Since 
this work also demonstrated that different carbon deposition procedures will alter the surface 
texture of the recording site changing the electrochemical characteristics of the electrode, 
multi-site arrays can now be produced with highly specialized recording site surfaces for the 
particular application desired.    
This work lays the foundation to simultaneously study the spatial heterogeneity of the 
release and uptake of neurotransmitters and drugs that modulate their regulation in-vivo.  
These technological enhancements are important because many of the pharmaceutical agents 
that are developed to alleviate the symptoms of common neurological disorders modify the 
regulation of the release and uptake of neurotranmsitters.  A better understanding of the 
impact the spatial heterogeneity of release and uptake has on neuronal function and behavior 
will provide further improve the design and development of new therapeutic agents. 
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FUTURE RECOMMENDATIONS 
 
The long term goal of this work was to study the release and uptake of NE and drugs 
that modulate its regulation in the primary somatosensory cortex of the rat.  This study has 
provided the foundation to reach the long term goal.  The multi-channel voltammetry system 
and the multi-site electrode arrays can be used to examine if the heterogeneous uptake that 
was presented in the first chapter is due to heterogeneity of NE regulation across the different 
layers of the SI cortex.  As stated in Chapter 1, each layer of the SI has a different function in 
relaying sensory information.  If the regulation of NE across the layers of the SI is 
heterogeneous, then NE may have a profound impact on the regulation of sensory 
information.   
Furthermore, the multi-channel voltammetry system can be used to understand the 
impact that NE has on sensory processing across different regions in the brain.  For instance: 
it has been shown that sensory information is relayed from the VPM thalamus to the primary 
somatosensory cortex and the impact that NE has on this sensory relay can now be examined 
with a multi-channel voltammetry system.  Such a study would present a unique opportunity 
to understand the impact that NE has on different sensory regions of the brain and the impact 
of drugs that modulate NE regulation has on each individual region.   
 This study has also presented the foundation of understanding the effect of MPH on 
stimulus evoked NE in the SI cortex.  However, it has been shown that different doses of 
MPH elicit a different response on basal concentrations of NE (Kucenski and Segal, 2001).  
A future study that examined the dose response of MPH on stimulus evoked NE in the SI 
would provide insight into the role of different doses of MPH on stimulus evoked NE in the 
SI cortex.  Furthermore, it has been shown the behavioral that activation of the α2 
adrenoreceptor contributes to cognitive-enhancing effects of MPH (Arnsten and Dudley, 
2005). In that study, the α2 antagonist, idazoxan, was co-administered with MPH to test 
whether MPH enhances performance by facilitating endogenous stimulation of α2 receptors. 
94 
 
The results of the study found that the co-administration of idazoxan and MPH reversed the 
enhancing effect found with MPH administration alone because idozaxan prevented the α2 
receptors from being activated.  A study that would further examine the impact of MPH on 
the α2 receptor would be to co-administer idozaxan and MPH and examine whether MPH has 
a direct impact on the α2 receptor as the third Chapter in this study and the behavioral results 
of previous studies suggest (Arnsten and Dudley, 2005).   
 Finally, the loss of carbon from the recording sites of the multi-site array is a 
phenomenon that must be examined so that the multi-site arrays can be used to their potential.  
The use of a precisely spaced voltammetry probe has long been examined, however, the 
numerous attempts to create such a device have not been fully successful.  The shortcoming 
of the multi-site array described in Chapters 1 and 2 was the loss of carbon from the 
recording sites.  The reason for the loss of the carbon from the recording sites is still 
unknown and warrants much study.    
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APPENDIX A: CHEMICALS USED 
 
Dopamine (to be made fresh weekly): 
 
 2mM of Dopamine are required to be combined with Perchloric acid. 
 Obtain the molecular weight of Dopamine (189.6 g/mol). 
 Convert 2 mM to compatible units (0.002 mol/L). 
 Combine these terms to create the equation: 
 
(0.002 mol/L) x (189.6 g/mol) = 0.3792 g/L 
 
 Choose an amount of Perchloric acid to be added (20mL, for example) and combine 
with the above number to create the equation: 
 
(0.3792 g/L) x (20mL Perchloric acid) x (1 L/1000mL)= 0.00758 g 
 
 Measure the Dopamine Powder out on the scale as close as possible to 0.00758g. 
 If the closest measurement is 0.0076g, for example, the mL of Perchloric acid needed 
must be recalculated with the following equation: 
 
(0.0076 g) / (0.3792 g/L) = 0.0200 L = 20mL 
 
 20mL becomes the amount of Perchloric acid that is added to the Dopamine powder. 
 After the Dopamine powder and Perchloric acid have been combined, pour the 
solution into the appropriate vials. 
 
o If you are testing an electrode in vivo (animal), the pH of the Dopamine solution 
must be 7.4. 
o To do this, instead of mixing the Dopamine with Perchloric acid, mix it with Saline 
following the same procedure described above. 
 
Norepinephrine (to be made fresh weekly) 
 
 2mM of Norepinephrine are required to be combined with Perchloric acid. 
 Obtain the molecular weight of Norepinephrine (337.3 g/mol). 
 Convert 2mM to compatible units (0.002 mol/L). 
 Combine these terms to create the equation: 
  
(0.002 mol/L)*(337.3 g/mol)=0.6746 g/L 
 
 Choose an amount of Perchloric acid to be added (20mL for example) and combine 
with the above number to create the equation: 
 
 (0.6746 g/L)*(20 mL of Perchloric acid)*(1 L/1000 mL)=0.008224 g 
 
 Measure the Norepinephrine powder out on the weigh paper as close as possible to 
0.008224 g. 
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 If the closest measurement is 0.0085, for example, the mL of Perchloric acid needed 
must be recalculated with the following equation: 
 
 (0.0085 g)/(0.4112 g/L)=0.0206 L=20.6 mL 
 
 20.6 mL becomes the amount of Perchloric acid that is added to he Norepinephrine 
powder 
 
o If you are testing an electrode in vivo (animal), the pH of the Norepinephrine solution 
must be 7.4. 
 
.1 M Phosphate Buffered Solutions may be made whenever needed. 
 
 Because this solution requires greater masses, they may be weighed out directly on 
the scale, without calculations. 
 Fill a large 1L beaker with 800-900mL of distilled water. 
 Add:  
- 20.98g of Sodium phosphate—Dibasic (Na2HPO4 •  7H2O) or 
- 10.80g of Sodium phosphate—anhydrous form  
- 2.48g of Sodium phosphate—Monobasic (NaH2PO4 • H2O) or 
- 2.16g of Sodium phosphate—anhydrous form 
- 9.00g Sodium Chloride (NaCl) 
 
 Allow each to dissolve by placing the magnet into the beaker and placing it on top of 
the stirrer.  
 After the solution is thoroughly mixed, slowly add more distilled water until a final 
volume of 1L is achieved. 
 Measure the pH to be certain that it is between 7.2 and 7.4. 
 See directions for the pH meter for proper use. 
 
104 
 
APPENDIX B: COMPUTER CODE OF ESAT 
 
function varargout = multichannel_v3(varargin) 
% MULTICHANNEL_V3 M-file for multichannel_v3.fig 
%      MULTICHANNEL_V3, by itself, creates a new 
MULTICHANNEL_V3 or raises the existing 
%      singleton*. 
% 
%      H = MULTICHANNEL_V3 returns the handle to a new 
MULTICHANNEL_V3 or the handle to 
%      the existing singleton*. 
% 
%      
MULTICHANNEL_V3('CALLBACK',hObject,eventData,handles,...) 
calls the local 
%      function named CALLBACK in MULTICHANNEL_V3.M with the 
given input arguments. 
% 
%      MULTICHANNEL_V3('Property','Value',...) creates a new 
MULTICHANNEL_V3 or raises the 
%      existing singleton*.  Starting from the left, property 
value pairs are 
%      applied to the GUI before 
multichannel_v3_OpeningFunction gets called.  An 
%      unrecognized property name or invalid value makes 
property application 
%      stop.  All inputs are passed to 
multichannel_v3_OpeningFcn via varargin. 
% 
%      *See GUI Options on GUIDE's Tools menu.  Choose "GUI 
allows only one 
%      instance to run (singleton)". 
% 
% See also: GUIDE, GUIDATA, GUIHANDLES 
 
% Edit the above text to modify the response to help 
multichannel_v3 
 
% Last Modified by GUIDE v2.5 27-Jun-2008 12:58:24 
 
% Begin initialization code - DO NOT EDIT 
gui_Singleton = 1; 
gui_State = struct('gui_Name',       mfilename, ... 
                   'gui_Singleton',  gui_Singleton, ... 
                   'gui_OpeningFcn', 
@multichannel_v3_OpeningFcn, ... 
                   'gui_OutputFcn',  
@multichannel_v3_OutputFcn, ... 
                   'gui_LayoutFcn',  [] , ... 
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                   'gui_Callback',   []); 
if nargin && ischar(varargin{1}) 
    gui_State.gui_Callback = str2func(varargin{1}); 
end 
 
if nargout 
    [varargout{1:nargout}] = gui_mainfcn(gui_State, 
varargin{:}); 
else 
    gui_mainfcn(gui_State, varargin{:}); 
end 
% End initialization code - DO NOT EDIT 
 
 
 
% --- Executes just before multichannel_v3 is made visible. 
function multichannel_v3_OpeningFcn(hObject, eventdata, 
handles, varargin) 
% This function has no output args, see OutputFcn. 
% hObject    handle to figure 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
% varargin   command line arguments to multichannel_v3 (see 
VARARGIN) 
 
% Choose default command line output for multichannel_v3 
handles.output = hObject; 
 
% Update handles structure 
guidata(hObject, handles); 
 
% UIWAIT makes multichannel_v3 wait for user response (see 
UIRESUME) 
% uiwait(handles.figure1); 
 
 
% --- Outputs from this function are returned to the command 
line. 
function varargout = multichannel_v3_OutputFcn(hObject, 
eventdata, handles)  
% varargout  cell array for returning output args (see 
VARARGOUT); 
% hObject    handle to figure 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
 
% Get default command line output from handles structure 
varargout{1} = handles.output; 
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function edit1_Callback(hObject, eventdata, handles) 
% hObject    handle to edit1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
 
% Hints: get(hObject,'String') returns contents of edit1 as 
text 
%        str2double(get(hObject,'String')) returns contents of 
edit1 as a double 
 
 
% --- Executes during object creation, after setting all 
properties. 
function edit1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    empty - handles not created until after all 
CreateFcns called 
 
% Hint: edit controls usually have a white background on 
Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
 
% --- Executes during object creation, after setting all 
properties. 
function popupmenu1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to popupmenu1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    empty - handles not created until after all 
CreateFcns called 
 
% Hint: popupmenu controls usually have a white background on 
Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
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% --- Executes during object creation, after setting all 
properties. 
function popupmenu2_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to popupmenu2 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    empty - handles not created until after all 
CreateFcns called 
 
% Hint: popupmenu controls usually have a white background on 
Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
 
 
 
% --- Used if stimulation was performed 
% st=get(handles.radiobutton4,'Value') 
function radiobutton4_Callback(hObject, eventdata, handles) 
% hObject    handle to radiobutton4 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
 
% Hint: get(hObject,'Value') returns toggle state of 
radiobutton4 
%  
 
% --- Executes on selection change in popupmenu2. 
function popupmenu2_Callback(hObject, eventdata, handles) 
% hObject    handle to popupmenu2 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
 
% Hints: contents = get(hObject,'String') returns popupmenu2 
contents as cell array 
%        contents{get(hObject,'Value')} returns selected item 
from 
%        popupmenu2 
 
recorded_ch=str2num(mat2str(get(handles.popupmenu2,'value'))); 
handles.recorded_ch=recorded_ch; 
guidata(hObject, handles); 
 
% --- Executes on selection change in popupmenu1. 
function popupmenu1_Callback(hObject, eventdata, handles) 
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% hObject    handle to popupmenu1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
 
% Hints: contents = get(hObject,'String') returns popupmenu1 
contents as cell array 
%        contents{get(hObject,'Value')} returns selected item 
from popupmenu1 
 
selected_ch=str2num(mat2str(get(handles.popupmenu1,'value'))); 
handles.selected_ch=selected_ch; 
guidata(hObject, handles); 
 
 
% --- Executes select file button 
function pushbutton3_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton3 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
[filename, pathname] = uigetfile('*.bin', 'Please select a 
Bin-file'); 
fullpath=[pathname, filename]; 
fid = fopen(fullpath); 
fread(fid,7); 
hm=fread(fid,9,'uint8=>char')'; 
fread(fid,78); 
dm=fread(fid,15,'uint8=>char')'; 
fclose(fid); 
hm=str2num(hm); 
dm=str2num(dm); 
fullpath=[pathname, filename]; 
fid = fopen(fullpath); 
hdr=fread(fid,[hm(1,1),hm(1,2)],'uchar'); 
data=fread(fid,[dm(1,1),dm(1,2)],'float64','ieee-be'); 
set(handles.text1,'string',[pathname,filename]) 
axes(handles.axes1) 
hold off 
stp=2+get(handles.radiobutton4,'Value') 
m=size(data); 
sn=1:(m(2)-stp)/handles.recorded_ch; 
 
plot(data(:,2),data(:,handles.selected_ch+stp:handles.recorded
_ch:end),'b') 
xlabel('Voltage (mV)') 
ylabel('Current (nA)') 
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axes(handles.axes4) 
 
 
h=pcolor(sn,data(:,1),data(:,handles.selected_ch+stp:handles.r
ecorded_ch:end)); 
set(h,'linestyle','none') 
set(gca,'YTick',1000:100:m(1)+1000) 
xlabel('Scan Number') 
ylabel('Voltage (mV)') 
yt=get(gca,'YTick'); 
colorbar('peer',handles.axes4,[0.955 0.4746 0.01469 0.3782]); 
for n=1:length(yt) 
 y(n)=data(find(data(:,1)==yt(n),1,'first'),2); 
end 
set(gca,'YTickLabel',num2str(y')) 
handles.m=m; 
handles.stp=stp; 
handles.y=y; 
handles.data=data; 
guidata(hObject, handles); 
 
 
 
 
 
 
function edit2_Callback(hObject, eventdata, handles) 
% hObject    handle to edit2 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
 
% Hints: get(hObject,'String') returns contents of edit2 as 
text 
%        str2double(get(hObject,'String')) returns contents of 
edit2 as a double 
 
 
% --- Executes during object creation, after setting all 
properties. 
function edit2_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit2 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    empty - handles not created until after all 
CreateFcns called 
 
% Hint: edit controls usually have a white background on 
Windows. 
%       See ISPC and COMPUTER. 
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if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
 
 
 
function edit3_Callback(hObject, eventdata, handles) 
% hObject    handle to edit3 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
 
% Hints: get(hObject,'String') returns contents of edit3 as 
text 
%        str2double(get(hObject,'String')) returns contents of 
edit3 as a double 
 
 
% --- Executes during object creation, after setting all 
properties. 
function edit3_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit3 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    empty - handles not created until after all 
CreateFcns called 
 
% Hint: edit controls usually have a white background on 
Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
 
% inbscans=str2num(get(handles.edit3,'string')) 
% inbscans=get(handles.edit3,'value') 
% bscans=mean(handles.data(:,3:(inbscans+2))); 
% % axes(handles.axes1) 
% % plot(bscans,'b') 
% handles.bscans=bscans; 
% guidata(hObject, handles); 
 
 
% --- Executes on button press in radiobutton1. 
function radiobutton1_Callback(hObject, eventdata, handles) 
% hObject    handle to radiobutton1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
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% handles    structure with handles and user data (see 
GUIDATA) 
 
% Hint: get(hObject,'Value') returns toggle state of 
radiobutton1 
 
 
% --- Executes on selection change in listbox1. 
function listbox1_Callback(hObject, eventdata, handles) 
% hObject    handle to listbox1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
 
% Hints: contents = get(hObject,'String') returns listbox1 
contents as cell array 
%        contents{get(hObject,'Value')} returns selected item 
from listbox1 
%plot(handles.data(:,3:end),'b'); 
 
m=size(handles.data); 
sn=1:(m(2)-handles.stp)/handles.recorded_ch; 
scan_number=mat2cell(sn',ones(1,length(sn)),1); 
set(handles.listbox1, 'string', scan_number); 
selected_sn=(get(handles.listbox1,'value')-
1)*handles.recorded_ch 
 
axes(handles.axes1) 
xlabel('Voltage (mV)') 
ylabel('Current (nA)') 
hold on; 
plot(handles.data(:,2),handles.data(:,(handles.recorded_ch*get
(handles.listbox1,'value'))+(handles.selected_ch-
handles.stp)),'r'); 
% 
plot(handles.data(:,2),handles.data(:,(handles.recorded_ch*(ge
t(handles.listbox1,'value'))-handles.recorded_ch)),'r'); 
handles.selected_sn=selected_sn; 
guidata(hObject, handles); 
hold off; 
 
 
% --- Executes during object creation, after setting all 
properties. 
function listbox1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to listbox1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    empty - handles not created until after all 
CreateFcns called 
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% Hint: listbox controls usually have a white background on 
Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
 
 
% --- Executes on button press in pushbutton4. 
function pushbutton4_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton4 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
 
 
 
function edit4_Callback(hObject, eventdata, handles) 
% hObject    handle to edit4 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
 
% Hints: get(hObject,'String') returns contents of edit4 as 
text 
%        str2double(get(hObject,'String')) returns contents of 
edit4 as a double 
 
 
% --- Executes during object creation, after setting all 
properties. 
function edit4_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit4 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    empty - handles not created until after all 
CreateFcns called 
 
% Hint: edit controls usually have a white background on 
Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
 
 
% --- Executes background subtraction 
function pushbutton5_Callback(hObject, eventdata, handles) 
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% hObject    handle to pushbutton5 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
 
% 
handles.data(:,handles.selected_ch+2:handles.recorded_ch:end),
'b') 
% strtscans=str2num((get(handles.edit15,'string'))); 
inbscans=str2num((get(handles.edit3,'string'))); 
% 
mcstrtscans=(handles.recorded_ch*strtscans)+(handles.selected_
ch-handles.stp); 
mcinbscans=(handles.recorded_ch*inbscans)+(handles.selected_ch
-handles.stp); 
bscans=mean(handles.data(:,handles.selected_ch+handles.stp+10:
handles.recorded_ch:mcinbscans),2); 
% 
bscans=mean(handles.data(:,handles.selected_ch+2:handles.recor
ded_ch:inbscans*handles.recorded_ch-handles.recorded_ch),2); 
% size(bscans) 
m=size(handles.data); 
sn=1:(m(2)-handles.stp-10)/handles.recorded_ch; 
axes(handles.axes2) 
hold off; 
xlabel('Voltage (mV)') 
ylabel('Current (nA)') 
plot(handles.data(:,2),-
handles.data(:,(handles.recorded_ch*get(handles.listbox1,'valu
e'))+(handles.selected_ch-handles.stp))+bscans,'r') 
all_bscans=repmat(bscans,1,size(sn,2)); 
% 
l=size(handles.data(:,handles.selected_ch+2:handles.recorded_c
h:end)); 
% n=size(all_bscans); 
% h=size(sn); 
axes(handles.axes4) 
size(all_bscans) 
size(handles.data(:,handles.selected_ch+handles.stp+10:handles
.recorded_ch:end)) 
r=handles.data(:,handles.selected_ch+handles.stp+10:handles.re
corded_ch:end)-all_bscans; 
 
 
h=pcolor(sn,handles.data(:,1),r); 
set(h,'linestyle','none') 
set(gca,'YTick',1000:100:m(1)+1000) 
xlabel('Scan Number') 
ylabel('Voltage (mV)') 
colorbar('peer',handles.axes4,[0.955 0.4746 0.01469 0.3782]); 
yt=get(gca,'YTick') 
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for n=1:length(yt) 
 
y(n)=handles.data(find(handles.data(:,1)==yt(n),1,'first'),2); 
end 
% size(y) 
set(gca,'YTickLabel',num2str(y')) 
 
set(gca,'YTickLabel',num2str(handles.y')) 
 
handles.mcinbscans=mcinbscans; 
handles.inbscans=inbscans; 
handles.bscans=bscans; 
handles.all_bscans=all_bscans; 
handles.r=r; 
guidata(hObject, handles); 
 
% --- Executes on button press in pushbutton6. 
function pushbutton6_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton6 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
hold off 
axes(handles.axes1) 
xlabel('Voltage (mV)') 
ylabel('Current (nA)') 
plot(handles.data(:,2),handles.data(:,handles.selected_ch+hand
les.stp:handles.recorded_ch:end),'b') 
m=size(handles.data); 
sn=1:(m(2)-handles.stp)/handles.recorded_ch; 
axes(handles.axes4) 
 
 
h=pcolor(sn,handles.data(:,1),handles.data(:,handles.selected_
ch+handles.stp:handles.recorded_ch:end)); 
colorbar('peer',handles.axes4,[0.955 0.4746 0.01469 0.3782]); 
set(h,'linestyle','none') 
set(gca,'YTick',1000:100:m(1)+1000) 
xlabel('Scan Number') 
ylabel('Voltage (mV)') 
yt=get(gca,'YTick'); 
for n=1:length(yt) 
 
y(n)=handles.data(find(handles.data(:,1)==yt(n),1,'first'),2); 
end 
set(gca,'YTickLabel',num2str(y')) 
 
guidata(hObject, handles); 
 
v=str2num((get(handles.edit5,'string'))); 
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ivt=find(handles.data(:,2)==v,1,'first'); 
axes(handles.axes3) 
xlabel('Scan Number') 
ylabel('Current (nA)') 
plot(handles.data(ivt,handles.selected_ch+handles.stp:handles.
recorded_ch:end),'-k.') 
xlabel('Scan Number') 
ylabel('Current (nA)') 
 
% --- Executes on button press in pushbutton9. 
function pushbutton9_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton9 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
v=str2num((get(handles.edit5,'string'))); 
ro=get(handles.radiobutton6,'Value'); 
if ro==1 
    redox='last' 
else redox='first' 
end 
 
ivt=find(handles.data(:,2)==v,1,redox); 
axes(handles.axes3) 
xlabel('Scan Number') 
ylabel('Current (nA)') 
plot(handles.data(ivt,handles.selected_ch+handles.stp:handles.
recorded_ch:end),'-k.') 
xlabel('Scan Number') 
ylabel('Current (nA)') 
handles.v=v; 
handles.ivt=ivt; 
guidata(hObject, handles); 
 
 
function edit6_Callback(hObject, eventdata, handles) 
% hObject    handle to edit6 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
 
% Hints: get(hObject,'String') returns contents of edit6 as 
text 
%        str2double(get(hObject,'String')) returns contents of 
edit6 as a double 
 
 
% --- Executes during object creation, after setting all 
properties. 
function edit6_CreateFcn(hObject, eventdata, handles) 
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% hObject    handle to edit6 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    empty - handles not created until after all 
CreateFcns called 
 
% Hint: edit controls usually have a white background on 
Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
 
 
% --- Executes on button press in pushbutton10. 
function pushbutton10_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton10 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
 
fpts=str2num(get(handles.edit6,'string')) 
l=-
handles.data(:,(handles.recorded_ch*get(handles.listbox1,'valu
e'))+(handles.selected_ch-handles.stp))+handles.bscans; 
fcv=smooth(l,fpts,'moving'); 
axes(handles.axes2) 
hold off; 
plot(handles.data(:,2),fcv,'r') 
xlabel('Voltage (mV)') 
ylabel('Current (nA)') 
mip=min(fcv); 
set(handles.text5,'string',mip) 
handles.fpts=fpts; 
handles.fcv=fcv; 
guidata(hObject, handles); 
 
% --- Executes on button press in pushbutton11. 
function pushbutton11_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton11 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
 
fpts=str2num(get(handles.edit14,'string')); 
fivt=smooth(handles.data(handles.ivt,handles.selected_ch+handl
es.stp:handles.recorded_ch:end),fpts); 
fbsivt=smooth(handles.bsivt,fpts); 
fit=fivt-fbsivt; 
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% size(fivt) 
% size(fbsivt) 
axes(handles.axes3) 
xlabel('Scan Number') 
ylabel('Current (nA)') 
plot(fivt-fbsivt,'-k.') 
xlabel('Scan Number') 
ylabel('Current (nA)') 
maxip=max(fivt-fbsivt); 
set(handles.text8,'string',maxip) 
handles.fpts=fpts; 
handles.fivt=fivt; 
handles.fbsivt=fbsivt; 
handles.fit=fit; 
guidata(hObject, handles); 
 
function edit7_Callback(hObject, eventdata, handles) 
% hObject    handle to edit7 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
 
% Hints: get(hObject,'String') returns contents of edit7 as 
text 
%        str2double(get(hObject,'String')) returns contents of 
edit7 as a double 
 
 
% --- Executes during object creation, after setting all 
properties. 
function edit7_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit7 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    empty - handles not created until after all 
CreateFcns called 
 
% Hint: edit controls usually have a white background on 
Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
 
 
% --- Executes on button press in pushbutton12. 
function pushbutton12_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton12 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
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% handles    structure with handles and user data (see 
GUIDATA) 
 
cv_filename=(get(handles.edit7,'string')); 
voltage=handles.data(:,2); 
cv_current=handles.fcv; 
save(cv_filename, 'voltage','cv_current'); 
function edit8_Callback(hObject, eventdata, handles) 
% hObject    handle to edit8 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
 
% Hints: get(hObject,'String') returns contents of edit8 as 
text 
%        str2double(get(hObject,'String')) returns contents of 
edit8 as a double 
 
 
% --- Executes during object creation, after setting all 
properties. 
function edit8_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit8 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    empty - handles not created until after all 
CreateFcns called 
 
% Hint: edit controls usually have a white background on 
Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
 
 
% --- Executes on button press in pushbutton13. 
function pushbutton13_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton13 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
ivt_filename=(get(handles.edit8,'string')); 
scan_number=handles.data(:,1); 
ivt_current=handles.fivt-handles.fbsivt; 
save(ivt_filename, 'scan_number','ivt_current'); 
 
 
% --- Executes on button press in pushbutton14. 
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function pushbutton14_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton14 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
nivt=handles.data(handles.ivt,handles.selected_ch+handles.stp:
handles.recorded_ch:end); 
bsivt=mean(nivt(:,1:handles.inbscans,1)); 
axes(handles.axes3) 
newivt=nivt-bsivt; 
plot(nivt-bsivt,'-k.') 
xlabel('Scan Number') 
ylabel('Current (nA)') 
handles.bsivt=bsivt; 
guidata(hObject, handles); 
% 
handles.data(ivt,handles.selected_ch+2:handles.recorded_ch:end
) 
% plot(handles.data(:,2),-
handles.data(:,handles.selected_sn)+bscans,'r') 
 
handles.mcinbscans 
handles.newivt=newivt 
 
 
 
function edit9_Callback(hObject, eventdata, handles) 
% hObject    handle to edit9 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
 
% Hints: get(hObject,'String') returns contents of edit9 as 
text 
%        str2double(get(hObject,'String')) returns contents of 
edit9 as a double 
 
 
% --- Executes during object creation, after setting all 
properties. 
function edit9_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit9 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    empty - handles not created until after all 
CreateFcns called 
 
% Hint: edit controls usually have a white background on 
Windows. 
%       See ISPC and COMPUTER. 
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if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
 
 
 
function edit10_Callback(hObject, eventdata, handles) 
% hObject    handle to edit10 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
 
% Hints: get(hObject,'String') returns contents of edit10 as 
text 
%        str2double(get(hObject,'String')) returns contents of 
edit10 as a double 
 
 
% --- Executes during object creation, after setting all 
properties. 
function edit10_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit10 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    empty - handles not created until after all 
CreateFcns called 
 
% Hint: edit controls usually have a white background on 
Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
 
 
% --- Executes on button press in pushbutton15. 
function pushbutton15_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton15 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
 
stpnt=str2num(get(handles.edit9,'string')) 
endpnt=str2num(get(handles.edit10,'string')) 
bsivt=handles.fivt-handles.fbsivt; 
average=mean(bsivt(stpnt:endpnt)); 
set(handles.text9,'string',average); 
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function edit11_Callback(hObject, eventdata, handles) 
% hObject    handle to edit11 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
 
% Hints: get(hObject,'String') returns contents of edit11 as 
text 
%        str2double(get(hObject,'String')) returns contents of 
edit11 as a double 
 
 
% --- Executes during object creation, after setting all 
properties. 
function edit11_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit11 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    empty - handles not created until after all 
CreateFcns called 
 
% Hint: edit controls usually have a white background on 
Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
 
 
 
function edit12_Callback(hObject, eventdata, handles) 
% hObject    handle to edit12 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
 
% Hints: get(hObject,'String') returns contents of edit12 as 
text 
%        str2double(get(hObject,'String')) returns contents of 
edit12 as a double 
 
 
% --- Executes during object creation, after setting all 
properties. 
function edit12_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit12 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
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% handles    empty - handles not created until after all 
CreateFcns called 
 
% Hint: edit controls usually have a white background on 
Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
 
 
% --- Executes on button press in pushbutton16. 
function pushbutton16_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton16 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
stpnt=str2num(get(handles.edit11,'string')) 
endpnt=str2num(get(handles.edit12,'string')) 
bsivt=handles.fivt-handles.fbsivt; 
slope=(bsivt(endpnt)-bsivt(stpnt))/((endpnt-stpnt)/10); 
set(handles.text10,'string',slope); 
 
 
% --- Executes on button press in pushbutton17. 
function pushbutton17_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton17 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
lodstpnt=str2num(get(handles.edit13,'string')) 
bsivt=handles.fivt-handles.fbsivt; 
lod=3*std(bsivt(lodstpnt:handles.mcinbscans)); 
set(handles.text11,'string',lod); 
 
function edit13_Callback(hObject, eventdata, handles) 
% hObject    handle to edit13 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
 
% Hints: get(hObject,'String') returns contents of edit13 as 
text 
%        str2double(get(hObject,'String')) returns contents of 
edit13 as a double 
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% --- Executes during object creation, after setting all 
properties. 
function edit13_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit13 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    empty - handles not created until after all 
CreateFcns called 
 
% Hint: edit controls usually have a white background on 
Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
 
 
% --- Executes on button press in pushbutton18. 
function pushbutton18_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton18 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
inbscans=str2num((get(handles.edit3,'string'))); 
mcinbscans=(handles.recorded_ch*inbscans)+(handles.selected_ch
-handles.stp); 
bscans=mean(handles.data(:,handles.selected_ch+handles.stp:han
dles.recorded_ch:mcinbscans),2); 
 
m=size(handles.data,2)-handles.stp; 
sn=1:(m/handles.recorded_ch); 
all_bscans=repmat(bscans,1,size(sn,2)); 
r=handles.data(:,handles.selected_ch+handles.stp:handles.recor
ded_ch:end)-all_bscans; 
 
 
for n=50:m 
    rs(:,n)=smooth(r(:,n),200,'moving'); 
end 
 
figure; 
h=surfc(-rs(1:end-10,50:end)); 
hold on 
set(h(1),'edgecolor','none') 
view([-77.5 16]); 
grid('on'); 
xlabel('Scan Number') 
ylabel('Voltage (mV)') 
zlabel('Current (nA)') 
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function edit14_Callback(hObject, eventdata, handles) 
% hObject    handle to edit14 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
 
% Hints: get(hObject,'String') returns contents of edit14 as 
text 
%        str2double(get(hObject,'String')) returns contents of 
edit14 as a double 
 
 
% --- Executes during object creation, after setting all 
properties. 
function edit14_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit14 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    empty - handles not created until after all 
CreateFcns called 
 
% Hint: edit controls usually have a white background on 
Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
 
 
% --- Executes on button press in pushbutton19. 
function pushbutton19_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton19 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
inbscans=str2num((get(handles.edit3,'string'))); 
mcinbscans=(handles.recorded_ch*inbscans)+(handles.selected_ch
-handles.stp); 
bscans=mean(handles.data(:,handles.selected_ch+handles.stp:han
dles.recorded_ch:mcinbscans),2); 
m=size(handles.data,2)-handles.stp; 
sn=1:(m/handles.recorded_ch); 
all_bscans=repmat(bscans,1,size(sn,2)); 
r=handles.data(:,handles.selected_ch+handles.stp:handles.recor
ded_ch:end)-all_bscans; 
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for n=10:m 
    rs(:,n)=smooth(r(:,n),100,'moving'); 
end 
g=size(handles.data); 
axes(handles.axes4) 
h=pcolor(sn,handles.data(:,1),rs); 
colorbar('peer',handles.axes4,[0.955 0.4746 0.01469 0.3782]); 
set(h,'linestyle','none') 
set(gca,'YTick',1000:100:g(1)+1000) 
xlabel('Scan Number') 
ylabel('Voltage (mV)') 
yt=get(gca,'YTick'); 
for n=1:length(yt) 
 
y(n)=handles.data(find(handles.data(:,1)==yt(n),1,'first'),2); 
end 
set(gca,'YTickLabel',num2str(y')) 
 
 
% --- Executes on button press in radiobutton6. 
function radiobutton6_Callback(hObject, eventdata, handles) 
% hObject    handle to radiobutton6 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
 
% Hint: get(hObject,'Value') returns toggle state of 
radiobutton6 
 
 
 
function edit15_Callback(hObject, eventdata, handles) 
% hObject    handle to edit15 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
 
% Hints: get(hObject,'String') returns contents of edit15 as 
text 
%        str2double(get(hObject,'String')) returns contents of 
edit15 as a double 
 
 
% --- Executes during object creation, after setting all 
properties. 
function edit15_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit15 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
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% handles    empty - handles not created until after all 
CreateFcns called 
 
% Hint: edit controls usually have a white background on 
Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
 
 
% --- Executes on button press in pushbutton20. 
function pushbutton20_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton20 (see GCBO) 
% eventdata  reserved - to be defined in a future version of 
MATLAB 
% handles    structure with handles and user data (see 
GUIDATA) 
vms=size(handles.data(:,handles.selected_ch+handles.stp:handle
s.recorded_ch:end),2); 
it=[(1:vms)',handles.fit]; 
f20=.8*max(it(50:end-5,2)) 
t20=find(f20 < it(:,2) & it(:,2) < 
.81*max(it(:,2)),1,'last')/10 
f60=.4*max(it(50:end-5,2)) 
t60=find(f60 < it(100:end-5,2) & it(100:end-5,2) < 
.601*max(it(100:end-5,2)),1,'last')/10 
vmaxg=(f20-f60)/(t20-t60) 
set(handles.text14,'string',vmaxg); 
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